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FOREWORD 


The effort described herein was performed under Contract 
NAS3-1H87 from JO June 1967 through 31 January 1969. 

It is comprised of two major tasks. Task I (analytical) 
occupied the period from 30 June 1967 to 30 November 1968 
and Task II (experimental) from 1 December 1967 to 
31 January 1969. The Technical Manager was Mr. Charles 
Zalabak, Chemical Rocket Division, National 
Aeronautics and Space Administration, Lewis Research 
Center, Cleveland, Ohio 44135* This report is submitted 
in fulfillment of the requirements of Exhibit A, par. II. 3 
and of Exhibit B, par. E of the subject contract. 
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ABSTRACT 


A ceramic coating system is desired for thermal protection of 
the thrust chamber wall in a high-performance, liquid hydrogen-, 
liquid oxygen-fueled rocket engine. This heat-barrier coating 
is intended to reduce the heat flux through the chamber wall 
from 50 to 20 Btu/in?-sec., reduce the metal wall temperature 
to less than 1600 F, operate with a 4000 F surface temperature, 
and survive multiple engine starts. 

Cementitiously bonded heat-barrier coatings were considered 
analytically and through examination of the literature in 
Task I. Several material systems were selected for initial 
experimental evaluation of Task II. Based on screening-type 
arc-plasma jet tests that simulated the thermal conditions 
of the reference rocket engine, one coating system out of 
those selected appeared capable of meeting all program objec- 
tives. The remainder of Task II was devoted to the develop- 
ment and further detailed evaluation of this one system. The 
coating consists essentially of zircon ia powder bonded with 
orthophosphor ic acid plus a small amount of hydrofluoric 
acid. The phosphate-bonded ZrOg coatings were found to be 
hard, strong, refractory, resistant to thermal shock, and 
similar to phosphate-free zirconia in degree of thermal 
protectiveness. The coatings were applied on Hastelloy-X 
sheet by several aqueous slurry coating methods , and only 
a 600 F curing treatment was required before service. 

Advantages of this slurry-applied coating are simplicity, 
low cost, and ability to coat thrust chambers under minimum 
restrictions with respect to size and shape. This coating 
system has survived multiple thermal shocks between room 
temperature and apparent surface temperatures above 4000 F, 
while protecting the water-cooled substrate, in are-plasma 
jet tests. It appears ready to be evaluated in small-scale 
rocket engine tests. 
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INTRODUCTION 


Dependable heat-barrier coatings will be extremely advantageous, if not 
a necessity, on the chamber walls of advanced liquid-fueled , regeneratively 
cooled rocket engines. The heat flux through the chamber walls of these 
advanced high-performance engines will be four or five times present 
levels because of increased chamber pressures. Metals and alloys that 
are used in current thrust chamber applications are presently near their 
service limits. Potential designs for future thrust chambers include use 
of either refractory metal alloys or novel, highly efficient schemes of 
cooling. But uncoated refractory metals are not useful in oxidizing 
atmospheres at the temperatures anticipated, and it is improbable that 
dependable oxidation protective coatings for service in high-performance 
rocket engines will be developed in the near future. Although auxiliary 
cooling schemes exist (e.g. , film cooling), they entail inefficient use 
of fuel. The amplified pumping demanded for increased regenerative 
cooling is not satisfactory either, because it lessens efficiency and 
increases engine weight. 

Use of effective, passive heat-barrier coatings therefore becomes very 
attractive as a means for reducing the heat flux through the walls of 
regeneratively cooled thrust chambers, and for reducing the service tem- 
perature of metal components. Reduced service temperatures will result 
in extended fatigue life and reduced corrosion rates of alloys that are 
presently used, in lower thermal stresses, and in increased flexibility 
of design. Weight reductions will also result from the decreased heat 
flux, through a decrease in the required coolant flowrate. 

To date, the only successful heat-barrier coatings for rocket engine 
applications have been applied by melt-spraying methods, the most suc- 
cessful being applied by arc-plasma spraying. Arc-plasma spraying pro- 
cesses offer several favorable qualities: 

1. Flexibility in coating design and gpplication (e.g., graded 
coatings) 
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2. Ability to obtain comparatively adherent coatings 

3. Utility for a wide range of coating materials (e.g. , any material 
that melts stably and has a reasonably low vapor pressure) 

4. Adequate process control 

While coatings applied by slurry methods have not jyet been used for heat 
barriers in rocket engine applications, slurry methods offer several po- 
tential advantages over melt-spraying methods. Slurry methods require 
no elaborate, expensive equipment, fixtures, or cooling. Most import 
tantly, slurry methods are not restricted by substrate size and geometry 
as is arc-plasma spraying. Arc-plasma spraying is a line-of-s ight pro- 
cess, and best results are obtained when the coating material is applied 
at a 90-degree angle to the substrate. Thus, only surfaces that are 
accessible to the melt-spraying equipment can be coated, and the minimum 
diameter of a long chamber would have to be about 10 inches to conveniently 
accommodate a conventional arc-plasma spray gun. Slurry processes, con- 
versely, are not intrinsically limited by- size or shape of the part to 
be coated. Inaccessible surf aces can be coated by dipping the entire 
part into the slurry or by pouring the slurry into the inaccessible area. 
Therefore, the most economical and, in some cases, the only feasible 
coating application technique is one in which the coating is applied as 
a slurry. 

The types of coating systems commonly applied by slurry-coating methods 
include diffusion coatings (such as an aluminide coating on a refractory 
metal), fused-glass coatings (such as procelaiu enamels and glazes), and 
cementitious ly bonded coatings. Because the last-named type of coating 
is the only type that was potentially useful in this program, the term "slurry 
coating" as used in this report will refer only to cementitiously bonded 
coating systems. Fused-glass and diffusion coatings are not stable at 
4000 F, and they do not offer sufficient resistance to the flow of heat. 

Cohesive bonding in slurry-applied coatings is accomplished by chemical 
energy rather than by thermal energy alone as in sintering. Cementitiously 
bonded slurry coatings consist of three main constituents: a filler 
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material, a binder material, and a liquid suspension medium. In this 
program these constituents are, respectively, refractory oxide fillers, 
phosphate and silicate binders, and water. 

Heat-barrier design criteria for this program included the following: 

1. The coating must be capable of reducing the design heat flux 
of 50 Btu/in.^-sec to 20 Btu/in.^-sec. 

2. The temperature of the coated side of the metal wall must not 
exceed 1600 F. 

3. The gas-side surface temperature of the coating must be approx- 
imately 4000 F. 

4. The specified gas temperature is 6000 F (combustion of hydrogen 
in oxygen). 

5. Coolant temperatures may range from 50 to 500 E (-410 to 40 F). 

6. One of the materials presently used for construction of thrust 
chambers (e.g. , type 347 stainless steel or Hastelloy-X) will 
be used for the structural wall. 

This program, directed toward meeting these conditions by means of a 
slurry coating, was divided into two consecutive tasks. Task I included 
an analytical evaluation of the performance of heat-barrier, slurry- 
coating systems, and the selection of four potential slurry-coating sys- 
tems that appeared to be best. Selection was based on the literature 
and on the analytical evaluation. Coatings selected in Task I were then 
evaluated in Task II in arc-plasma jet tests. Based on failure analysis 
after each test, coating materials and coating designs were improved for 
following tests. The final goal was a dependable coating that would be 
capable of satisfactory performance in the environment described by the 
design criteria. Within the scope of Task II, evaluation of performance 
was based solely on arc-plasma jet tests that simulated thermal conditions 
of the design environment, and on other appropriate laboratory tests: 
testing of coatings in rocket engine thrust chambers under the design 
conditions was excluded. 
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Because this was not a materials development program, coating materials 
and processes were originally limited to those of existing technology, 
or those that were commercially available. The program, by necessity, 
overreached this original intent because existing coating technology and 
materials were inadequate to cope with the hostile environment of the 
design thrust chamber. Significant advancements were achieved in the 
formulation and processing of phosphate-bonded zirconia coatings for ex- 
treme high- temperature , high heat-flux service. Confirmation of the • ... 
performance potential of these coatings, through laboratory testing and 
examination, has led to the recommendation that the coating system be 
evaluated in a small Hg-Og-fueled rocket engine as the next step toward 
qualification. 

This publication is the final report of this program. A final report 
of Task I was previously prepared (Bocketdyne Report R-7273, issued 
21 November 1967); that report is reproduced in its entirety as Appendix 
A hereto, while its content is reviewed briefly in the following pages 
as an introduction to the specific undertakings oi Task II. After a 
summary, the subsequent Sections and their Appendices treat Task II in 
full, followed finally by the program conclusions and recommendations. 
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REVIEW OF TASK I* 


BASIS FOR SELECTION OF COATING SYSTEMS 

A literature search showed that four past heat-barrier coating programs 
were relevant to this program. This literature information was useful 
for evaluating potential coating materials systems; but it was of limited 
value in designing coating systems for this program because of the large 
differences in design criteria between past and present application con- 
cepts. The general literature on the cementitious bonding of ceramics 
was also critically reviewed. 

Heat transfer analyses for the steady-state and transient conditions of 
the design rocket engine were: 


Thermal resistance required for a thermal 
barrier to reduce the heat flux from 50 
to 20 Btu/in.^-sec 

2 / 

140 in. -sec-F/Btu 

Surface temperature of the coating 

4000 F 

Coating/metal chamber wall interface 
temperature 

1200 F 

Temperature drop across the coating 

2800 F 

Temperature gradient across a 3- 5-mil 
thick coating 

10 6 F/inch 

Approximate time for the coating to 
reach steady state 

-2 

5 x 10 second 

Average heating rate 

10 5 F/second 


Heat-barrier coating thickness required to provide the design thermal 
resistance was estimated to he 3-5 mils for all coating systems. An 
accurate thickness value for each cementitious ly bonded system was not 


*The full Task I report appears as Appendix A 
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possible based on existing thermal property data, owing to variables of 
composition and porosity and to uncertainties of reaction, vaporization, 
and consolidation in the service environment. 

Thermal stress analyses revealed that the stresses in the coating criti- 
cally depend on the overall design of the coating system. The effects 
of material properties (heat conductivity, expansion coefficient, and 
elastic modulus) and coating thickness on the magnitude of stresses in 
the coating and at the coating-substrate interface were considered. Also 
evaluated were the usefulness of graded coatings and of stress-relief 
devices such as coatings that soften at high temperatures , and ductile 
metal interlayers between the coating and substrate. The overall analyses 
suggested that a simple monolithic coating probably would not be suitable 
for sustaining the thermal shock conditions and that either a graded 
coating or some stress-relief device would probably be necessary. Materials 
for special sublayer coatings and reinforcements could not be selected, 
however, until more was known concerning their requirements in the coating 
design. These requirements were to be deduced from failure analyses of 
the specimens tested in arc-plasma jet tests. 

Factors that might affect the performance and reliability of the coating 
were considered. These factors included important properties affecting 
chemical and physical stability, in addition to resistance to thermal 
shock, such as: melting point, vapor pressure, adherence, density, 

strength, and reaction rates with hydrogen, oxygen, and water. 

SELECTED COATING SYSTEMS 

Based on the literature search and the described analyses and criteria, 

ZrOg? Tbtf^, BaZrO^, and a HfOg-rich mixture of oxides were selected as 
coating filler materials. Binders H^PO^F, B^SiF^, K^SiO^, and Th(NO^)^ 

(for use in ThOg system only) were selected for bonding the filler mater- 
ials and thereby providing strength to the coating system. ZrOg appeared 
by far the most promising filler candidate based on the state of the art. 
Cementitiously bonded ZrOg materials that were used as thick heat shields 
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had showed very encouraging results in oxyacetylene torch tests. Cement- 
itiously bonded Tht^ , although not tested so extensively, appeared prom- 
ising in similar tests; and it was considered potentially more chemically 
and thermally stable than ZrO^ iu the rocket engine environment. The two 
other oxides that were selected, on the other hand, had not been used 
previously as cementitious ly bonded materials. These oxides were selected 


because of potential complementary properties to those of ZrOg and ThO^. 
BaZrO^ was selected because of possible advantages from the standpoint 
of chemical bonding reactions, and because it was reported to have a lower 


thermal expansion coefficient than ZrOg. A hafnia-rich mixture of oxides 
(HfC^-ZrO^-TiO^) was also selected because it has a very low macroscopic 
thermal expansion. Low expansion would be an important asset in reducing 
thermal stress in the outer (hotter) coating stratum. 


Haste! loy-X was selected as the reference substrate material because it 
has a 30 -percent lower thermal expansion coefficient than type 3^7 stain- 
less steel and because a uniform, tenacious oxide layer can be easily 
formed on its surface. This was felt to be a potential advantage for 
providing good wetting and strong bonding of the heat-barrier coating. 
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SUMMARY OF TASK II 


ACCOMPLISHMENTS 

One heat-barrier coating system that is applied by slurry-coating tech- 
niques, among the combinations identified in Task I, best survived initial 
screening tests. This system was designed, developed, and exhaustively 
evaluated in arc-plasma jet tests which simulated the thermal conditions 
of the reference rocket engine. Based on the information obtained, this 
coating has the following attributes: 

1. It is capable of reducing the heat flux through the thrust cham- 
ber wall from 50 to 20 Btu/in. -sec. 

2. It is capable of reducing the metal surface (i.e», the coating/ 
metal interface) temperature to below 1600 F, nominally to 1200 F. 

3. It is resistant to thermal shock and thermal stress. It survived 
25 thermal shocks from 70 to 4000 to 70 F, and steady-state test- 
ing to indicated temperatures above 4000 F. 

4. It can be applied to virtually any size and shape of thrust 
chamber. 

5* It requires only a 600 F cure before service to 4000 F. 

6. It is made from inexpensive Commercial materials. 

7* It can be refurbished, even in the field. 

THE PHOSPHATE-BONDED ZrOg COATING SYSTEM 

The successful coating is a phosphate-bonded ZrO^ system having the 
compositional range: 

ZrOg (-325 mesh) 10 grams 

Binder Solution No. 4 0,5 to 1.1 grams 

(40 parts by volume 85-percent 
aqueous hLP 0, plus 1 part 
60-percent"aqueous HF) 

Water 1. 5 to 2 grams 

(As needed to yield a 
suitable slurry) 
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Working time of the slurry is about 10 minutes. After 10 minutes, it 
thickens. More water can be added to thin it but this practice was avoided 
because the consequence was unknown. Coatings can be applied by spraying, 
dipping, pouring, or troweling; they are cured at room temperature, 150 F, 
and 600 F for 1 hour each. 

A significant change in state-of-the-art formulations in the phosphate- 
bonded ZrOg system was made. HgPO^F, which is the binder in the state- 
of-the-art formulation, was replaced by H^PO^ plus a small amount of HF. 
This change eliminated the highly corrosive nature of the existing slurry, 
which was completely unacceptable for this program, and simplified the 
chemical system for systematic studies of reactions and application 
variables. 

The performance evaluation and the optimum slurry formulations were arrived 
at primarily by arc-plasma jet tests and secondly through other useful 
laboratory tests. For the arc-plasma jet- test, coatings from 2 to 5 mils 
thick were applied on Hastelloy-X tabs measuring 1-1/2 inches by 4 inches 
by 0.015 inch thick. These coated tabs were supported in a picture-frame 
fixture in which cooling water was flowed on. the uncoated backside, and 
the coating was exposed to an are-plasma jet on the front side. Because 
a nucleate boiling condition existed in the coolant, the backside surface 
temperature never rose to more than about 400 F, even when the coating 
temperature was driven to the melting point of CaO-stabilized ZrOg, 4625 F. 
Thus, a severe temperature gradient, near that of the reference conditions, 
existed during these tests. Severe thermal shocks were obtained by manu- 
ally moving the specimens in and out of the arc-plasma jet with a rapid 
lateral motion. Arc-plasma jet test results of coatings 5 mils and less 
in thickness, plus pertinent coating properties, are listed below: 

Arc Plasma Jet Tests 
Conditions 


Surface Temperature, F to 4100 

Temperature Gradient, F/in. ~10° 

Thermal Shocks 25 

Total Tim?, minutes >5 
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Results 


No Failures - no spalling 
no melting 
no cracking 
no erosion 

Properties of Phosphate - Bonded ZrOg (600 F Cured) 


Hardness 


could not be scratched with 
a blunt steel probe 


Surface Roughness, fl in. 
rms 

Flexual Strength (of cast 
bars), psi 

Density (of cast bars), 
gm/ cm3 

Theoretical Density of 
Zr0 2 , gm/ cm^ 

Thermal Diffusivity at 
1800 F, cm y sec 

Efficiency of Thermal 
Protectiveness 


100 

to 4000 


3.4 


5.6 


0.002 


Similiar to phosphate-free ZrOg 


Calibration studies and thermal diffusivity measurements indicated that 
the degree of thermal protection of the phosphate-bonded ZrOg coating 
was similar to that of CaO-stabilized ZrOg. A coating thickness of 3*5 
mils, then, should provide the design thermal resistance. 


All of the arc-plasma jet tests were on specimens that were prepared by 
grit blasting before the coating was applied. Adherence of coatings on 
grit-blasted Hastelloy-X substrates was satisfactory, but it was predom- 
inantly of a mechanical nature. Subsequently, other methods for provid- 
ing adherence were evaluated in thermal shock, tensile, and flexural 
types of adherence tests. Ranking of selected methods of preparing the 
Hastelloy-X substrate for increasing adherence was, listing the best first 

1. A base layer of a commercial, high- temperature glass coating 

2. A base layer of melt-sprayed metal 

3. Grit blasting or chemical etching 
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4. Oxidation 


5. Cleaned, as-received surface 

Bonds that were developed by the methods used in 1 and 2 above were 
stronger than the cohesive strength of the coating. These techniques for 
developing strong adherence may not be amenable with fabrication process 
of a large thrust chamber, however. 

The GaO-stabilized ZrOg in the phosphate-bonded ZrO^ coating partially 
destabilized at an intermediate temperature over 2700 F, but not at 4000 F. 
This behavior could pose a potential problem because, although it did not 
affect performance in the arc-plasma jet environment, it could affect coat- 
ing performance in rocket engine service depending on temperature/time 
history. The substitution of other stabilizing agents for CaO appears 
quite feasibile, if this problem proves to be real. 

DISQUALIFIED COATING SYSTEMS 

All other coating systems were inferior to the phosphate-bonded ZrO^ sys- 
tem, based on arc-plasma jet and other appropriate laboratory tests. As 
soon as a coating system was definitely shown to be inferior, it was drop- 
ped from contention; hence, it remains possible that detailed development 
of certain of these could result in competitive behavior, in time. 

Binders 


Of the four binder systems that were evaluated, HgSiFg and Th(NO^)^ pro- 
vided no bonding. The water-soluble potassium silicate glass imparted 
high strength to coating systems, but these systems afforded poor resist- 
ance to thermal shock and poor thermal stability at 4000 F. Phosphate 
binder provided the best coating systems. Strengths reported in the 
literature for systems bonded with HgSiF^ originated from the phosphate 
content in a small amount of NH^HgPO^ which had been added to these 
systems for other reasons. Th(NO^)^ provided green strength to ThO^- 
based coating systems at low temperatures, but not after it was decomposed 
at about 1000 F* 
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Phosphate-Bonded ThO^ 


Most of the phosphate-bonded ThOg specimens performed very poorly in arc- 
plasma jet tests. One particular formulation, in contrast, performed 
well in three arc-plasma jet tests. Although this system showed promise, 
it was dropped from consideration in favor of the more successful phosphate- 
bonded ZrO system because: 

1. This cementetiously bonded system required more developmental 
efforts. 

2. ThOg powder is 10 times more expensive than ZrOg, slightly toxic 
and radioactive, and unavailable in as many varieties as ZrO^ 
powders (e.g. , particle size distribution, purity, and fused or 
sintered derived). 

3. Coating properties and performance were highly dependent on the 
nature of the raw material, whereas this was not the case for 
ZrOg systems which tolerated a wide range of ZrOg powders. 

Remaining Systems 

All remaining coating systems were significantly inferior in strength, 
thermal stability,, and/or resistance to thermal shock. These systems 
included : 

Phosphate-Bonded BaZrO^ 

Phosphate-Bonded HfOg-Rich Mixed Oxides 

Silicate-Bonded ZrO^ 

Silicate-Bonded BaZrO- 1 

j 

Silicate-Bonded HfO^-Rich Mixed Oxides 
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TASK II PROCEDURES 


SPECIMEN PREPARATION 
Slurry Preparation 

Slurries of candidate coating systems were prepared initially in small 
quantities. Binder solutions were always premixed with the water addition 
before they were mixed with the ZrOg powder. Undiluted binder solutions 
were not added directly to dry powders because reaction was too rapid in 
most cases to allow adequate mixing. Weighing was to an accuracy of 
±0.01 gram. 

As soon as the binder was added, the slurry was vigorously mixed, manually, 
for at least 1 minute. Although more mixing might have been desired, time 
was limited in some systems because of chemical reactions that occurred in 
the slurry. Because the consequences in resultant coating properties of 
allowing these reactions to occur was unknown, mixing time was limited 
so that the slurry could be applied to the substrate before any apprec- 
iable reaction took place. Thus, specimens were prepared from fresh 
slurries that were never more than a few minutes old. 

This same procedure and sequence was used later in the program when larger 
batches of phosphate-bonded ZrOg were prepared. Substrates were always 
prepared ahead so that even when a 100-gram batch of slurry was prepared, 
it was applied to the specimen substrates in less than 10 minutes. 

Slurry consistency, or viscosity, was adjusted by the solid-to-water 
ratio. Adding more water to dilute thick slurries was satisfactory. The 
only disadvantage of excess water might be when chemical bonding occurs 
before the water is evaporated. In such a case, coating porosity might 
be higher than otherwise desired. For this type of screening test, how- 
ever, this possibility and its consequences seemed minor. Electrolytes 
or control of chemical reactions was not used to adjust slurry consistency. 
Time did not allow such a systematic study using these techniques on the 
large number of experimental slurries that were evaluated. 
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Substrate Preparation 


All Hastelloy-X substrates were cleaned thoroughly before any coating was 
applied. Substrates were degreased in acetone or trichlorethylene , then 
rinsed, first in distilled water and finally in ethanol to facilitate dry- 
ing and to prevent the deposition of the film left by either water or • 
Acetone. 

Mechanical bonding of coatings to Hastelloy-X was found to be generally 
desirable, because chemcial bonds in most cases were poorly developed. 

Thus , roughening the substrate by grit blasting was a standard practice 
before coatings were applied to it. 

Precise quality control of grit blasted substrates was not possible. Be- 
cause a coarse -20 mesh alumina powder had to be used to roughen the 
Hastelloy-X sufficiently, high air pressure was required to propel the alum- 
ina grains fast enough to penetrate the hard Hastelloy-X surface. Use of 
an air pressure of 60 psi created a very rough, uniform substrate condition, 
but the 0.015-inch- thick Hastelloy-X sheet stock bowed outward signifi- 
cantly (toward the grit blasting nozzle) because of the cold work on the 
one side of the thin sheet stock. To reduce bowing, the air pressure was 
regulated as low as possible (the pressure gage indicated 5 psi, but it 
was not accurate at this level), and degree of grit blasting was kept to 
a minimum. The result was that surface roughness was inconsistent: It 

varied between 150 and 220 microinches rms. Moreover, distortion could 
not be prevented completely, even under the mildest grit blasting condi- 
tions. Distortion was kept to a minimum by grit blasting a large sheet, 
usually 4-l/2 inches by 4-l/2 inches, and then cutting smaller specimens 
from the flatter portions (usually in the center) of the larger sheet. 

A number of techniques were evaluated for eliminating distortion of the 
Hastelloy-X sheet stock due to grit blasting but none was successful. 

These unsuccessful techniques included: 

1. Holding the Hastelloy-X sheet stock against a thick backup plate 
during grit blasting using cement, solder, or vacuum 
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2. Use of soft and elastic backup plates 
3- Holding over a concave backup plate 
4. Use of no backup plate 
5* Bending concave before grit blasting 

6. Grit blasting a small portion of the total surface at a time 

7. Grit blasting both sides 

8. Annealing the bowed specimen while it was clamped flat, after 
grit blasting 

Slurry Application 

Slurries were applied to Hastelloy-X substrates initially by dipping or 
pour-coating, depending on specimen size. Hastelloy-X specimens 2 inches 
long or less were dipped into the slurry, and larger ppecimens were coated 
by pouring the slurry over the specimen. Thickness was adjusted by the 
drain angle of the slurry and/or by shaking or tapping off excess slurry. 
This procedure was satisfactory for initial screening, but thickness con- 
trol was difficult. 

Spray coating was adopted as a standard application technique after the 
initial screening te&ts. Spraying was accomplished using thinner slurries 
than those used for pour coating and dipping. A small commercial air- 
pressure spray gun was used.* Slurry capacity in the spray gun was 150 
milliliters, but quantities as small as 30 milliliters were conveniently 
used by reducing the volume capacity with a small polyethylene container. 
Bottled nitrogen gas was used to pressurize the gun. Specimens were 
sprayed in a vertical or slanted position, and then laid flat before the 
slurry dried so that thickness was relatively uniform. 

FLEXURAL STRENGTH AND DENSITY MEASUREMENT 

Specimens for measuring flexural strength were bars, l/4 inch by l/4 inch 
by 1 or 2 inches, cast in Teflon molds using slurries with relatively thick 

*Model 15, Binks Manufacturing Company, Chicago, Illinois 
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consistencies. Drying and curing schedules were much slower them for 
thin coatings to reduce cracking in the bars. Bars were removed from 
the Teflon molds for curing above 300 F. 

One- and 2- inch bars were broken using 3- and 4-point loading, respec- 
tively, at ambient temperature. Density was calculated from the dimen- 
sions and weights of the bars before breaking. 

ADHERENCE TESTS 

A good test for adherence was required for evaluating design features and 
process variables intended to promote better adherence. Satisfactory tests 
for glass and enamel coatings on metals, which are described in the litera- 
ture and in ASTM publications, have been in use for many years. Adherence 
tests for crystalline ceramic coatings on metals, on the other hand, are 
reported infrequently in the literature, and the particular test method 
and reported data are useful only for evaluating, the coating specified 
in each report. That is to say, adherence tests for crystalline ceramic 
coating/metal systems are not standard, and a single method of testing 
is not completely satisfactory for all systems or, for that matter, for 
any one system. The ASTM Committee for evaluating and defining methods 
for testing high-temperature coating/metal systems has been able to rec- 
ommend for qualified use only one method of testing, a tensile adherence 
test. But this adherence test alone was insufficient for evaluating ad- 
herence of coatings on this program. Consequently, three different methods 
of testing adherence were used. These methods were expedient in that only 
small, simple specimens and easy testing procedures were required. Al- 
though these tests were convenient, and comparative rather than absolute, 
they provided meaningful data as shown from the results reported in the 
section on phosphate-bonded ZrO^ coatings and in Appendix B. The methods 
were (l) bend, (2) thermal shock, and ( 3 ) tensile tests. 
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Bend Test 


The bend test consisted of bending a coated Hastelloy-X tab, l/2 inch by 
2 inches by 0.015 inch thick, around progressively smaller mandrels. 
Specimens were bent such that the coating was on the convex side, in ten- 
sion, and mandrel diameters were 4-l/2, 3~l/2, 2-l/2, 2, l-l/2 , 1 and 3A 
inches. Bending around smaller mandrels was not practical because the 
total portion of the coated area that was flexed decreased and the ends 
of the specimen eventually touched, making a complete bend impossible. 

Also, bending around mandrels, particularly with a diameter less than 3 
inches, required a special technique to avoid crimping. One end of the 
specimen was held firmly with the thumb while the fingers of the other 
hand bent the specimen around the mandrel gradually starting nearest the 
fixed end. 

A second procedure was used for coatings that did not fail using the 
above procedure. Coated specimens were alternately bent back and forth, 
ten times over progressively smaller mandrels. The coating was thus cycled 
in tension and compression. This was a very severe test because the coat- 
ing was crushed on the compressive cycle. Mandrels were covered with mask- 
ing tape and cleaned after each time that the coating touched the tape to 
protect the coating surface during testing. Loose coating material was 
removed by rubbing the specimen surface, and cracks and edges of broken 
coatings were pried up with a fingernail. Reasoning was that any coat- 
ing that could be removed this easily was practically nonadherent. This 
procedure was referred to as bend test type B, whereas the former bend 
test was referred to as type A. 

These tests were simple and yet provided useful information. Most import- 
antly, they showed the condition of the interface after the coating had 
been broken off. A clean metal substrate indicated a bonding failure, 
whereas a metal substrate covered with an adhering film or fragments of 
the coating indicated strong bonding. 
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Thermal Shock Test 


In the thermal shock test, coatings were made to fail by thermal cycling 
at progressively higher temperatures. Coatings were stressed due to the 
mismatch in thermal expansion with the Hastelloy-X substrate. Although 
temperature levels were much less than the service temperature, 4000 F, 
stresses due to the expansion mismatch in this test can be greater than 
those under service conditions because the specimens were heated isotherm- 
ally. Under service conditions, the coating-metal system is heated under 
a temperature differential such that the higher expansion Hastelloy-X is 
at lower temperatures while the lower expansion ceramic is at higher tem- 
peratures. Test specimens were Hastelloy-X tabs, l/2 inch x 2 inches by 
0.015 inch thick, coated on one side. 

The coated tabs were cemented in a vertical position to a depth of l/4 
inch in a Refractory brick. An entire series of test specimens being 
compared were cemented in the same brick (up to 50 specimens), so that 
test conditions were the same for all specimens, ' An identical but smaller 
brick containing a thermocouple, placed beside the brick containing the 
specimens, was used to monitor test temperature. Specimens were heated 
15 minutes in a muffle furnace (long enough to reach thermal equilibrium) 
and then removed from the furnace and cooled in front of a large fan. The 
first thermal cycle was from ambient to 700 F to ambient temperature. 

Each following cycle was 100 F higher than the last. Cycling was continued 
until 50 percent or more of the coating spalled. Loose sections of coat- 
ings were rubbed and picked off. 

Specimens were easy to prepare, and the test was relatively reproducible. 
Another advantage was that handling of specimens was avoided. Variations 
in specimen thickness were accounted for by plotting thickness vs temperature 
from which coatings failed. Initial studies, which were made to deter- 
mine the validity of this test procedure (Appendix B) , showed that fail- 
ure temperature was relatively independent of coating thickness when 
thickness was 10 mils or greater. Also, failure of these thicker coat- 
ings was by an adherence mode, whereas failure of thinner coatings was 
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by a cohesive mode. Cohesive failure of the coating was less useful for 
interpreting degree of bonding of the coating to the metal substrate. 
Consequently, test specimens were coated with a thickness greater then 
10 mils. 

"Cohesive” failure was recorded when the exposed metal substrate under 
the spalled coating was covered with more than 75 percent of strongly 
adherent fragments of coating (Fig. 1 ). "Adhesive” failure was defined 
when the exposed metal surface was covered with less than 25 percent of 
adherent fragments. 

Tensile Test 


The tensile test consisted of applying the coating on one side of a thick 
1-inch-diameter , Hastelloy-X disc, epoxy bonding the coated disc between 
two mandrels that fit a tensile test machine, and then pulling the coat- 
ing off in a standard tensile test. 

This test procedure has several limitations for this application. Results 
of tensile tests on brittle, porous materials are highly dependent on the 
way in which specimens are mounted and on the penetration depth of the 
epoxy that is used to attach the coated side to the mandrel. The coated 
specimen must be mounted exactly perpendicular to the direction of pull 
and exactly parallel to the surfaces of the adjoining mandrels, and the 
epoxy cannot be allowed to penetrate the coating near the metal substrate. 

ARC-PLASMA JET TESTS 

Arc-Plasma Heating 

Rocket engineers recognize that the only truly valid test for heat-barrier 
coatings designed for service in a rocket engine environment is test fir- 
ing in an actual rocket engine under the conditions in which the coatings 
are expected to operate. Testing an entire series of developmental coat- 
ings in rocket engines is not practical, however, from the standpoint of 
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Figure 1* Adherence Specimen Showing Cohesive Failure (Magnification X5) 







the time and cost involved, A satisfactory screening test must be used 
to evaluate coatings so that only a few of the best formulations actually 
need to be tested in a rocket engine. 

Selection of a practical yet meaningful screening test requires a compro- 
mise among several factors. The test must simulate as many as possible 
of the environmental conditions in the thrust chamber. Heat flux, gas 
composition, shear forces due to gas/wall momentum transport, mechanical 
constraints and loads, and heating and cooling rates are among the en- 
vironmental characteristics of the engine which ought to be simulated. 

It is not possible to simulate all of these conditions adequately in one 
simple test. Short of actual rocket engine firings, the best kind of 
screening test available makes use of a high-pressure d-c arc-plasma jet. 
The arc-plasma provides (l) test temperatures high engough to melt and/or 
vaporize any material, (2) heat fluxes over a wide range which includes 
and substantially exceeds 20 Btu/in.^-sec , ( 3 ) heating rates of 10^ F/sec 
and higher, and (4) reducing, neutral, or oxidizing test atmospheres. 
Arc-plasma jet testing is also simple and expeditious. In a single work- 
ing day, dozens of tests can be made by two technicians using inexpensive 
test hardware. 

The only significant drawbacks in testing with an arc-plasma jet are the 
small size of the heated area on the test specimen and the low shear forces 
generated by the gas/wall momentum transport as compared with those in an 
actual thrust chamber. The approximate heated area of the jet produced 
by conventional arc-plasma guns is a circle about l/4 inch in diameter. 
Temperature distributions parallel to the coating surface and restraint 
conditions imposed on the coating are , therefore , different in this small 
heated area compared with those in a large heated area such as the wall 
of a thrust chamber. The resistance of coatings to the shear forces of 
the high-velocity gases in a rocket engine cannot be adequately tested. 

In spite of these drawbacks, however, arc-plasma jet heating is nonethe- 
less the most economical, expeditious, and meaningful method of screen- 
ing coating materials available. 
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A temperature drop across the coated specimen was achieved by water- 
cooling the backside (uncoated side) while the coated side was heated 
with the arc-plasma jet. Because a nucleate boiling condition existed on 
the back side, the cooled side of the substrate never rose to more than 
50 F above the saturation temperature of the coolant water, nominally 300 
to 400 F at the particular water pressure used for cooling, 40 to 60 psi, 
(Kef. 12). Had film boiling occurred, the surface temperature would have 
immediately risen to above the melting point of Hastelloy-X (Ref. 13 and 
14). Metallographic studies of sectioned Hastelloy-X substrates that had 
been coated and tested in a variety of arc-plasma jet tests showed no 
evidence of grain growth or other microstructural changes indicative of 
heating above the design temperatures. 

Simultaneously, on the front side, the coating surface temperature could 
easily be driven above the melting point of all materials tested (i. e. , 
above 56OO F). All reported surface temperatures are uncorrected 
disappearing-filament optical pyrometer temperatures , unless otherwise 
stated. 

The arc-plasma gun was always positioned 1 inch from the specimen, and 
heat flux was regulated by arc amperage. Argon at a flowrate of 1 scfm 
was used as the arc-plasma gas, and power settings varied from 200 to 500 
amperes at about 28 to 30 volts. Oxygen was added through the powder 
feed port of the arc-plasma gun during special tests. 

Specimen and Holding Fixture 

Coatings to be tested were applied on one side of and to within l/8 inch 
of the edges of Hastelloy-X coupons, l-l/2 inches wide by 4 inches long 
by 0.015 inch thick. During testing, the coated specimen formed the front 
face of a box in which water was flowing at a rate sufficient to keep the 
cold side at the saturation temperature of the water. The specimen was 
held to the box, or holding fixture, by a copper picture frame (Fig. 2 ). 
Another copper frame that was sandwiched between the specimen and a steel 
backup plate formed the coolant water channel. Coolant water was fed in 
and out of the channel through 3/8- inch-diameter steel tubes welded into 
and perpendicular to the steel backup plate, Water pressure and flowrate 
were measured at the inlet side, whereas water temperature was measured 
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Figure 2. Exploded View of Arc-Plasma Jet Test Fixture 





at the outlet side. The specimen was large enough for at least six tests, 
obtained by positioning the fixture with respect to the fixed arc-plasma gun. 

Testing Sequence 

Specimens, held in the test fixture, were swung laterally into the arc- 
plasma jet. To visual observation, heating appeared • instantaneous. The 
specimen was then tested at steady-state for 3 minutes while the surface 
temperature was obtained with an optical pyrometer and while the change 
in the temperature of the cooling water was recorded (Test Phase A). 

Then the specimen was swung in and out of the arc-plasma jet, for a few 
seconds in each position, to simulate heating and cooling of the coated 
system in a rocket engine (Test Phase B). Thermal cycling continued 
either until failure of the coating or through 25 complete cycles, which- 
ever occurred first. After thermal cycling, the coolant water tempera- 
ture and the coating surface temperature were again measured in a steady- 
state exposure to determine whether any change had occurred (Test Phase 
C). Because coatings which failed almost always did so during or as a 
result of thermal cycling, duration of the steady-state testing was not 
critical , particularly at the beginning of the program. 

The first test on each specimen was at a low heat flux level. Usually 
the heat flux was first adjusted to drive the coating surface temperature 
to 3500 F. If the specimen survived the three test phases at this heat 
flux, it was repositioned and tested again in a new area at a higher heat 
flux level. This sequence was repeated until failure was induced. Tests 
at critical heat flux levels, or atypical tests, were usually repeated. 

The heat flux through the coated specimens, which was calibrated by three 
different methods, is presented in Appendix C. Although the absolute 
heat flux value could not be stated with precision, it was shown that it 
exceeded 20 Btu/in.^-sec during testing of successful coatings. 

Failure Analysis 

Failure of the coating during testing was recorded when the coating vis- 
ibly melted, spalled, or when the surface temperature changed more than 
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100 F. An appreciable decrease in surface temperature indicated that the 
thermal resistance of the coating had decreased. This condition, which 
was unusual, could be caused by erosion or possibly by sintering of the 
coating system. A rise in surface temperature, on the other hand, was more 
common. Such an increase in temperature was probably due to a small 
increase in the contact resistance at the coating/metal interface. When 
the coating separated completely at the interface, it melted immediately. 
Calculations showed that heat transfer by radiation to the Hastelloy-X 
substrate was at least ten times smaller than the heat input from the arc- 
plasma jet, so that the thin coating would melt in a fraction of a 
second if the coating were separated from the substrate. 

All visual changes occurring during testing were recorded. After testing, 
changes such as severe loss in strength or hardness, surface cracking, 
melting, spalling, loss of adherence, sintering, and shrinkage were also 
noted. A low-power binocular microscope was used to observe these changes 
on the coating surface. After nondestructive examination, appropriate 
specimens were sectioned and mounted for microscopic analysis. 

Standard ceramographic mounting procedures were found unsatisfactory for 
preparing cementitious ly coated specimens. Most of the cementitiously 
bonded grains in the coatings broke away during standard polishing opera- 
tions. A successful procedure for preparing mounts of cementitiously 
coated specimens was to vacuum infiltrate at room temperature with a low- 
viscosity, cold-setting epoxy*. Once the cementitiously bonded grains 
were reinforced with the epoxy, standard polishing procedures could be 
used. 

Heat Flux Measurement 


Calibration of the arc-plasma jet test was needed to verify that coated 
specimens were actually tested at a maximum heat flux level of 20 Btu/in.^- 
sec. 


For a coated metal system heated at ca. 20 Btu/in.^-sec heat flux by a 

high-intensity arc-plasma jet, such as in this program, a satisfactory 

*Hysol B8-038 epoxy plus Hysol 3^16 hardener, Hysol Corporation of Olean, 
New York, Los Angeles, California, and Toronto, Cmtda. 
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method for measuring heat flux has yet to he demonstrated. Measurements 
of heat flux in tests similar to those performed in this program have been 
made using a large cold-wall calorimeter. Results using this relatively 
simple method can be misleading, however, when compared to tests on 
coated systems. Heat transfer conditions can be different in the two 
cases; viz. , through the cold copper wall of the calorimeter and through 
the coated specimen that is heated to 4000 F. Reasons are: 

1. Most importantly, the value for area that is used to calculate 
heat flux in the large cold-wall calorimeter is never known 
with precision. Because heat flux is obtained by dividing 
heat input per unit time by the heated area, accuracy of the 
calculated heat flux value is directly dependent on the 
accuracy of this estimated area. 

2. The heat transfer coefficient across the boundary layer at the 
coated surface is different because the roughness of a coated 
surface is greater than that of a smooth copper surface. This 
parameter could be significant when interpreting heat transfer 
results of an arc-plasma jet-heated system because a very 
substantial temperature drop occurs across the boundary layer. 

3- The coated system is radiating at 4000 F, whereas the cold 
wall of the calorimeter is radiating at ca. 300 F. 

A seemingly simple and accurate method of measuring heat flux would be 
to use a heat-flux gage smaller than the diameter of the arc-plasma jet. 

The front face could be made of Hastelloy-X and covered with the reference 
heat— barrier coating. But because the diameter would have to be l/4-inch 
or less , design and construction of such a device were beyond the scope 
of this program. Cooling the front face at 20 Btu/in.^-sec, while at the 
same tame obtaining an accurate measurement of the rise in heat content 
of the coolant water, would have required unique fabrication techniques 
and a special high-pressure water system, Even greater difficulties were 
confronted in considering measuring the AT across the thickness of the 
Hastelloy-X itself. 
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In this program, measurement of heat flux was attempted by three basic 
methods : 


1. Calculation based on heat transfer data using the Fourier equation 

2. Calorimetric measurement based on rise in heat content in the 
cooling water and on the estimated effective area 

3. Measurement using a commercial heat-flux gage 

As stated earlier, none of these methods was satisfactory and results 
were questionable. For this reason, interpretation and comparison of 
arc-plasma jet test results were based mainly on surface temperature and 
coating thickness rather than on the ineasured heat. flux through the coated 
specimens. This way of interpreting- datai was valid for these screening- type 
tests because results were qualified according to the thermal resistance 
of the coating. Surface temperature was measured optically and corrected 
for emittance (the correction factor is discussed on page C-4). 


Arc-plasma jet test conditions of the reference heat-barrier coating are 
shown in Table 1 . Coating surface temperature is 4000 F, coating/metal 
interface temperature is I 5 OO F, and coolant— side temperature is 400 F. 
Thermal resistances of the coating and metal are 140 and 60 in.^-sec-F/Btu, 
and a heat flux of 18.5 Btu/in. -see is required to achieve these condi- 
tions. The heat flux, coolant-side temperature, and interface temperature 

are slightly different from the reference rocket engine values of 20 Btu/ 

9 

in. -sec, 0 F, and 1200 F because of the difference in the coolants used 
in the two cases, viz., water and liquid hydrogen. Nevertheless, test 
conditions are reasonably close to those of the reference rocket engine. 

These conditions were not constant during testing because thermal resist- 
ance of the heat-barrier coatings varied. Thermal resistance of the coat- 
ings (thermal resistance = thickness + thermal conductivity) varied because 
thermal conductivity of these experimental materials systems was not 
accurately known, and consequently the correct design thickness could not 
be calculated. Thermal resistance could have varied by a factor of at 
least two in some cases, from specimen to specimen. Thus, if the thermal 
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CROSS-SECTION OF HEAT TRANSFER PARAMETERS ACROSS TEST SPECIMENS 
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resistance of a coated specimen was considerably less than the design 
value, 140 in.^-sec-F/Btu, the heat flux under the same arc-plasma jet 
operating parameters as used to obtain the conditions in Table 1 (a) 

would be >18.5 Btu/sec.-in.'V, and the surface temperature would be 

<4000 F. Such a test, would be of little value because the coating would 
be subjected to relatively mild temperatures and temperature gradients. 

On the other hand, the arc-plasma jet could be adjusted easily to produce 
whatever heat flux was required to drive the surface temperature to 4000 F. 
Because Q/A = AT/R, and AT was kept constant at 4000 -400 = 3600 F, a 
heat flux greater than 18.5 Btu/in.^-sec was required when the thermal 
resistance of the coating was less than 140 in. -sec-F/Btu, and conversely 
(Table 1 (b) and (c). 

Because the coolant-side temperature was relatively stable, the tempera- 
ture drop across the coating was also relatively consistent for coatings 
with a corresponding surface temperature. Temperature "gradient," how- 
ever, was not necessarily consistent because Coating thickness of the 
various systems may have been different. Several thicknesses of each 
coating material were tested, however, so that enough data were provided 
for qualified comparisons of the different coating materials. 

Comparison of coated specimens in these tests, so long as differences in 
test conditions were recognized, was rationalized in this way: a coating 

that survived steady-state conditions and thermal shocks at surface tem- 
peratures of 4000 F at a heat flux level of 15 or 25 Btu/ in. -sec would 
more than likely survive the same conditions at 20 Btu/in.^-sec. Also, 
a coating that spalled repeatedly or melted when the surface temperature 
was 3500 F was more than likely to fail at a heat flux of 15, 20, or 25 
Btu/in. -sec. Moreover, the large difference in test results made com- 
parison of test results easy: one coating system (phosphate-bonded ZrOg) 

performed far better under all test conditions than all of the other 
coatings that were tested. If all test conditions exactly matched the 
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reference engine parameters, that is, if heat flux was precisely 18.5 
Btu/in. -sec and the coating thickness was adjusted to drive surface 
temperature to exactly 4000 F in all cases, results and conclusions 
based on these tests would have been the same. 

A description of the calibration tests and results is presented in 
Appendix C . 
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THE fflOSPHATE-BONDED Zr0 2 SYSTEM: 
RESULTS AND DISCUSSION 


INTRODUCTION 

The performance record of phosphate-bonded ZrOg coatings was outstanding 
in arc-plasma jet tests. Specimens with coating thicknesses of 5 mils 
or less did not fail at steady state or during thermal shock in more than 
100 tests on about 30 different specimens.* 

Each test, with a few exceptions where the purpose was calibration of the 
test rather than performance of the coating, included 5 minutes at tempera- 
ture plus 25 thermal shocks from 70 F to the test temperature to 70 F. 
Surface temperature during these tests was up to 4100 F. Phosphate-bonded 
ZrOg coatings did not spall, erode, corrode, or even crack under design 
conditions. The fact that these coatings did not crack is particularly 
noteworthy, because arc-plasma sprayed, graded ZrOg/lnconel heat-barrier 
coatings that were tested under similar conditions in another program 
failed by cracking (Ref. l). Once those arc-plasma sprayed coatings 
cracked, melting started at the edges and the coating eventually spalled. 

Yet those same graded ZrOg coatings have demonstrated good performance 
in rocket engine tests (Ref. 2), Phosphate -bonded ZrOg coatings, in con- 
trast, failed only ■when melting was induced above 4100 F, usually at ca. 

4200 F or higher. Thus, based on arc-plasma jet tests, phosphate-bonded 
ZrOg coatings were the prime candidate from early in the program. 

On the other hand, most of the other coating systems selected for evaluation 
failed far below the design thrust chamber conditions as simulated by the 
arc-plasma jet tests. Some coatings of other systems cracked or spalled 
below 4000 F (even during steady-state phases of testing), some melted at 
or below 4000 F, and some cementitiously bonded systems did not show enough 
promise even to be tested in the arc-plasma jet. One coating system that 


*0ne specimen, number 58-2, was an exception; the results are discussed 
later in this section of the report. 
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performed well was a specific formulation of phosphate-bonded ThO^. But, 
as discussed in a later section, this material has many other disadvantages 
compared to the phosphate-bonded Zr0 2 system. 

A small effort was undertaken to modify the phosphate-bonded ZrO^ system 
for this program. The following studies, under the limited program scope, 
were not intended to be completely thorough. On the contrary, they were 
cursory and pursued only to the extent necessary to obtain a satisfactory 
coating system for evaluation in the arc-plasma jet test. Experiments 
are described in chronological order so that the logic of the sequential 
studies will be apparent. 

FOBMULATION STUDIES 

State-of-the-Art Formulation 

Monofluorophosphoric acid (HgPO^F) has been the binder for phosphate-bonded 
ZrOg systems in state-of-the-art formulations. The cemetitious phase, 
ZrPgO_, is formed by a three-step reaction (Ref. 3): 

4HF + Zr0 2 ► ZrF 4 + 2H 2 0 , (l) 

4H 3 P0 4 ► 2H 4 P 2 ° 7 + 2H 2 0 , (2) 

ZrF 4 -i- H 4 P 2 0 ? ► ZrP 2°7 + > 

wherein HF and H^PC^ are hydrolysis products in the HgPO^F solution. 

Use of HgPO^F as a binder requires an addition of another ingredient,' a 
retarding agent. The reason for a retarding agent is that the reaction 
between Zr0 2 and HgPO^F is too rapid at room temperature to allow proper 
preparation of a slurry and application of the slurry on hardware. Reaction 
time can be increased by substituting a portion of the f luorophosphoric 
acid by ammonium dihydrogen phosphate (NH 4 H 2 P0 4 ) . The manner in which 
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NH^HgPO^ retards the bonding reaction was not specified by previous 
investigators. Two major disadvantages of the state-of-the-art formula- 
tion were the corrosive nature of the high HF content of the slurry and 
the complexity of the bonding reaction, which made control of the system 
and developmental studies difficult. 

Complexity of the HgPO^F-ZrOg chemical system increases when excess water 
is added, as when a thin slurry for spray coating is made. Anhydrous 
commercial HgPO^F actually consists of: 

70 w/o HgPO^F ; 15 w/o HPOgFg ; 15 w/o H 3 P0 4 

New species, including HF and H^PO^, form as hydrolysis products when 
water is added to the solution. Also, the ratios of the original prod- 
ucts change. Consequently, water does not serve simply as a diluent; in 
fact, it changes the chemistry of the solution drastically. 

The chemistry of bonding becomes even more complicated when NH^HgPO^ is 
added to the HgPO^F-HgO system because numerous ammonium complexes form 
in addition to the abovementioned species. The chemistry of these complex 
systems is not understood well enough to predict how much of the various 
species are formed by the addition of the retarder and HgO. If is likely 
that the effects of water and retarder additions are due to changes in the 
HF and H^PO^ activity. 

The chemistry of the system could be simplified considerably by using 
combinations of HF and H^PO^ , rather than H^PO^F. Independent control 
of the respective quantities of HF and H^PO^ are made possible, and use 
of a retarder should become unnecessary. 

Modifications 

Three modifications of the phosphate-bonded zirconia coating system were 
necessary: (l) elimination of the highly corrosive nature of the HgPO^F 
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binder system, (2) change in the particle size distribution and type of 
the ZrOg grains, and ( 3 ) change in the consistency of the slurry. 

Corrosion . Corrosion of metal surfaces from the excessive amount of 
fluoride ion in state-of-the-art formulations is unacceptable for appli- 
cations involving thin heat-barrier coatings. Existing phosphate-bonded 
ZrOg slurry coating systems, which used HgPO^F as the main source of the 
bonding agent, reacted with metal substrates in a way that precluded the 
formation of direct mechanical or chemical bonds between the coating and 
metal substrate. This deficiency had sometimes been compensated for by 
use of large metal reinforcements, such as tack-welded screens or sine- 
wave shaped strips that mechanically held the thick coatings, l/4 to 1 
inch, on the substrate. Use of reinforcements for attaching the coating 
to the substrate was not practical in the present program because the 
heat-barrier coatings were too thin, 3.5 mils. Thus, tenacious adherence 
at the interface of the coating and metal is mandatory for coating systems 
that will be used as thin heat-barrier coatings where metal reinforcements 
are not practical. 

Corrosion is unacceptable for applications involving thin coatings for 
another reason also. Gases evolving from reactions at the coating-metal 
interface would result in high porosity and bloating in the resultant 
coating, and both of these factors would seriously impair coating per- 
formance due to loss in strength and in efficiency of thermal protectiveness. 

The corrosion problem was eliminated early in the program by substituting 
a mixture of H^PO^* and a very small amount of HF for HgPO^F. The best 
H^PO^ to HF ratio was about 40:1 by volume (of commercial solutions). 

Because only this small amount of fluoride ion was required to promote 
phosphate bonding of the ZrQg grains, it was not corrosive to Hastelloy-X 
surfaces. Another benefit in avoiding the use of HgPO^F was that complexity 
of the chemical system was substantially reduced. Thus, interpretation of 
results of parametric studies was simplified. 


*0zark-Mahoning Co., Tulsa, Oklahoma 
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Zr02 Grain Size. Particle size distribution of ZrOg grains in state-of- 
the-art formulations had to be changed because the prior materials were 
far too coarse, up to 24 mils across. These grains would settle very 
rapidly in a thin slurry, they could not be sprayed through a standard 
spray-gun nozzle, and most significantly, they were almost 10 times larger 
than the thickness of the coatings in this program. For this reason, all 
powders used in this program were passed through a 325-mesh screen. A 
325 mesh screen has 1.7. mil openings. 

The purpose of coarse-grained ZrO^ filler in prior formulations was to 
increase the bulk density of cement itiously bonded heat shields. Increased 
bulk density offers two significant advantages; viz., increased strength 
(other factors being equal) and decreased shrinkage during service. 

At the beginning of this program, a study to increase density and strength 
of coatings was started using selected particle size distributions from 
the 1 micron to -200 mesh range (Appendix D) . This study was stopped 
because -200 mesh powder was not suitable for standard spraying equipment 
and practices, and because significant advantages over as-received -325 
mesh ZrOg powder were not shown. Controlling particle size distribution 
in the -325 mesh powder was not attempted, mainly because it was not neces- 
sary for improving coating performance. However, selectively altering 
the particle size range of the -325 mesh ZrOg powder is still possible 
for improving strength and decreasing shrinkage, should it become necessary. 

Shrinkage at the hot surface of the coating was minimized by selecting a 
ZrOg powder that was prepared by a fusion process rather than by a sinter- 
ing process* Fused powders shrink less on heating because they are more 
dense to begin with and because they have less surface energy. Excessive 
shrinkage was not a problem in arc-plasma jet tests. This does not neces- 
sarily ensure, however, that it will not be a problem in a full-scale thrust 
chamber where large areas will be heated to 4000 F. The estimated thickness 
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of the coating that reaches appreciable sintering temperatures is less 
than one-half of the total thickness (refer to Fig. lib). A disadvantage 
of fused powders is that the fused grains offer less total surface area 
for chemical bond formation and that this surface is less chemically active 
toward the phosphoric acid binding agent than is the case for grains derived 
from sintering processes. 

A CaO-stabilized ZrOg raw material* was selected for slurry formulations 
because it met design requirements of this program, had been used in all 
similar programs reported in the literature, was readily available in the 
desired form (viz., fused and -325 mesh), and was economical. ZrOg sta- 
bilized with Cat) is about l/lOO as costly as material stabilized by other 
oxides; and the physical, thermal, and chemical properties have been reported 
much more extensively. 

Slurry Viscosity . Consistency of the slurries that were used for the 
cementitiously bonded coatings in previous programs was thick (i.e., 
viscous) . Thick slurries were required for ramming and troweling thick 
layers into the openings provided by wire mesh or thin metal ribbon rein- 
forcements. Viscous slurries could not be used in this program because 
applied coatings had to be uniform, very thin (3.5 mil), and applied by 
dip-coating, pour-coating, or preferably, spray-coating techniques. These 
coating techniques require a relatively thin slurry consistency. 

Slurry consistencies are in general controlled by changing the solid-to- 
liquid ratio or by use of electrolytes. Use of electrolytes was considered 
impractical in this case because the ionic strength is already very high 
(H + , HgPO^ - ), and because most suitable salts would degrade the refractori- 
ness of the cured coating. Use of excess water was, therefore, the only 
technique that was used to adjust slurry consistency. Excess water in 
modified slurry formulations was undesirable, but not so much so as in 
state-of-the-art formulations where the HgPO^F binder was used. 


*Zirnorite grade I Zr0 2 , 325 F, Norton Company, Refractories Division, 
Worcester, Massachusetts. 
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Initial Studies 


Bonding . Purpose of the following experiment was to investigate whether 
a HF-H^PO^ solution would form a cementitious bond and, if so, what pro- 
portions of each acid were required. In these series of tests, ram mixes 
were made by combining 100 parts by weight of -325 mesh ZrOg with 5 parts 
of selected HF-H^PO^ mixtures. After mixing, the ram mix was pressed into 
bars, 5/l6 inch by 2-1/2 inches, in a steel die at a pressure of 5000 psi. 
Specimens were dried for one hour at 150 F and cured for one hour at 600 F. 
Results were: 


Specimen 

No. 

Parts By 
Weight 
Zr0 2 * 

Parts By 
Volume 
HF* 

Parts By 

Volume 

H,P0 ,* 

3 4 

Flexural Strength By 
4-Point Loading, 
Psi 

1 

100 

2.50 

2.50 

18 

2 

100 

'1.15 

3,85 

36 

3 

100 

0.25 

4.75 

1360 

4 

100 

0.12 

4,88 

1060 


*Unless otherwise stated all Zr02 is -325 mesh Zirnorite I, 
and HF and H-P0^ concentrations are 60 and 85 percent, 
respective ly. 


Bonding was clearly evident when the H^PO^HF ratio was large; i.e., when 
only a small proportion of HF was present. In fact, the highest strength 
was obtained when the H^PO^tHF ratio was 19:1 (designated Solution A). 


This initial experiment demonstrated that strong bonds could indeed be 
formed in the H^PO^-HF-ZrOg system and that only a small portion of fluoride 
ion was needed. 


Quantity of Binder Solution . Strength of the coating system was determined 
as a function of the amount of solution A added to -325 mesh zirconia. After 
mixing the appropriate amount of each ingredient, the mixtures were pressed 
into bars and cured as before. Results were as follows. 
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Specimen 

No. 

Weight, grams 

Flexural Strength 
of Cold-Pressed 
Specimens By 4- 
Point Loading, psi 

Flexural Strength 
of Cast Specimens 
By 4-Point 
Loading, psi 

-325 ZrO 

Solution A 

B3 

10 

0.52 

1360 

Not Determined 

B5 

10 

1.05 

4530 

Not Determined 

B6 

10 

1.57 

4040 

3820 


Samples B5 and B6 could not be pressed immediately after mixing because 
they were too fluid. Fluidity was reduced sufficiently for pressing by 
air drying for about 1 hour. After pressing and curing, these two samples 
exhibited high strength compared with sample B3. Additional bars were 
made by casting slurry B6 in Teflon molds. Cast specimens had almost as 
much strength as the pressed specimen. Pressed bars were not stronger 
because much of the bonding reactions had set during the 1-hour drying 
period before the slurry was pressed. These formulations, as such, were not 
useful for slurry coating, however, because they were too thick. 


Water Additions . Effects of adding water to mix B6 were investigated. 
Compositions were: 


Specimen 

No. 

Weight, grams 


Zr0 2 

Solution A 

Water 

Slurry Consistency 

B6 

10.0 

1.57 

0 

Paste-like 

B7 

10.0 

1.57 

0.77 

Lumpy and dry; reaction 

B8 

10.0 

1.57 

1.53 

Creamy; slow reaction 

B9 

10.0 

1.57 

3.14 

Creamy; reaction 


In all cases, the water and solution A were mixed first and then added to 
the powder. Unusual results were found when the water content was increased. 
When B7 was mixed, the mixture dried into small lumps within seconds, and 
an exothermic reaction was indicated because heat was given off as the 
slurry dried. This result was contrasted to the paste-like consistency 
of slurry B6, particularly because B6 originally contained less fluid. 

The reaction of B7 suggested that a hydrate formed. 
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HF Concentration . The concentration of HF in B7 was decreased to determine 
whether this affected the initial reaction. Compositions were: 


Specimen 

No. 


Weight, 

grams 




Zr0 2 

h 2 po 3 f 

HF 

Added HgO 

h 3 po 4 /hf 

Reaction 

Consistency 

B7 

10.0 

1.49 

0.08 

. 0.77 

19/1 

Rapid , 
Exothermic 

Thick 

B10 

10.0 

1.49 

0.05 

0.77 

32/1 

NR 

Cream 

Bll 

10.0 

1.49 

0.02 

0.77 

65/1 

NR 

Cream 

B12 

10.0 

1.49 

0.01 

0.77 

194/1 

NR 

Cream 

B13 

10.0 

1.49 

0.00 

0.77 

— 

NR 

Cream 


Of the above, none except B7 exhibited a rapid reaction. All the rest had 
a creamy consistency and could easily be troweled into molds. Thus it 
appeared that the initial exothermic reaction involved HF and that a suf- 
ficient amount of HF must be present for the reaction to occur. 

Fluoride Concentration 


A small study, which was accomplished in three phases, was made to find a 
satisfactory HF addition that produced strong composites, yet that allowed 
sufficient working time for applying the slurry on test specimen substrates. 

First Phase . Slurries containing a range of fluoride concentrations (0 
to 100 percent by weight of the H^PO^ addition) were formulated without 
water and pressed into l/4- by l/4- by 2-inch bars at 10,000 psi. These 
bars were then cured 1 hour or more at room temperature, 1 hour at 150 F, 
and 1 hour at 600 F. Flexural strength was determined on one bar of each 
slurry formulation using 4-point loading. One measurement of flexural 
strength is not enough for any degree of confidence, and, moreover, cracks 
were suspected in the bars as a result of drying. Thus, the low flexural 
strength values are not considered necessarily indicative of the true 
flexural strength of these materails. To obtain more data, the longest 
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fragment of each two-inch bar was broken using 3-point loading. Strength 
values are comparable to those obtained using 4-point loading. These data 
are presented in Table 2 as slurries B23 through B31. 


Specimen B28, which had a H^PO^:HF ratio of 52:1 and was the same as the 


B5 formulation, was by far the strongest specimen of this group with a 
flexural strength of 1790 psi. Additional specimens with the same formu- 
lation as B28 were made by both pressing and casting. The one difference, 
however, was that water was added to these specimens, B30 and B31- All of 
the specimens that were made from slurries containing water cracked and 
broke into several pieces during drying, Consequently, slower drying 
schedules were used for bars in subsequent studies. 


Second Phase . The second phase of this study consisted of preparing bars 
that were cast using slurries with a very fluid consistency (slurries B32 
through B36 in Table 2 ). Thus, a large amount of water was added to each 
formulation. The total volume of liquid was held approximately constant 
so that the as-cast density of each bar would be similar. In other words, 
as more liquid binder was added, less water was added so that the total 
volume of liquid was always constant. The only variable in this series 
of specimens was HF content, which ranged from 0 to 0.50 parts by weight 
per 10 parts of ZrOg. 

The highest strength value, 1750 psi, was for formulation B35 which had 
the smallest HF addition greater than zero. Also, a relatively high value, 
ll60 psi, was obtained for specimen B36 which did not contain any fluoride. 


Another important property of these slurries is: shelf life; i.e. , the time 
that the slurry is usable once the ingredients are mixed together. Approx- 
imate shelf life of selected slurry compositions is listed in Table 3 • 

From the standpoint of shelf life , slurries with very little or no HF were 
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TABLE 3 


EFFECT OF FLUORIDE CONTENT ON THE SHELF LIFE OF 
PHOSPHATE-BONDED ZIRCONIA SLURRY COMPOSITIONS 


Slurry 

Parts By Weight 
of H^PO^ per 

10 Parts ZrOg 

Weight Ratio of 

H_P0. to HF 
3 4 

Degree of Chemical 
Reaction 

Approximate 
Working Time, 
minutes 

B30 

1.03 

52/1 

Slight 

5 

B31 

1.03 

52/1 

Slight 

5 

B32 

0.50 

1/1 

Significant 

0 

B34 

0.50 

10/1 

Slight 

3 

B35 

0.50 

38/1 

Slight 

10 

B36 

0.50 

No HF 

None 

10 to 30 

B37 

_0.50^ 

38/1 

Slight - 

1-1/2 

B38 

0.50^ 

10/1 

Slight 

1-1/2 

B39 

0 . 50 ^ 

38/1 

None 

60 

B40 

0.50 (3) 

10/1 

Slight 

10 

B41 

0.50^ 

4/1 

Slight 

10 


O.Oll parts were added as NH.H o P0, 

( o') * ■ ^ 

' '0.043 parts were added as NH.H o P0, 

(-r\ * * 41 

v ^'An equivalent amount of phosphate was added as NH^H^PO^ 
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best. Slurry B36 without HP had a shelf life of 10 to 30 minutes, while 
slurry B35 with a 38:1 weight ratio of H^PO^ to HP had a shelf life of 
10 minutes. After 10 minutes, the slurry emitted a small amount of heat 
and stiffened to a thick paste. Ten minutes working time is too short 
to be amenable to most production processes, but it was an adequate . dura- 
tion for preparing experimental specimens. 


When it becomes necessary, there are several techniques that can be used 
to make this formulation: usable in production processes. The third phase 
of this study explored one method of prolonging shelf life, with negative 
results. 


It was concluded that a small amount of HP in the slurry formulation (about 
a 40-to-l weight ratio of 85 percent concentration H^PO^ to 60 percent 
concentration HP) gave the best results from the standpoint of (l) shelf 
life of the slurry, and (2) ambient temperature flexural strength of the 
material after it was cured. 


Third Phase . As was observed in Task I, a technique for increasing shelf 
life in the ZrOg-HgPO^F system is to substitute a portion of NH^HgPO^ for 
HgPO^F. This approach was studied in the H^PO^-HF-HgO-ZrOg system by first 
replacing a small amount of H^PO^ with NH^HPO^ (slurries B39, B40, and 
B4l). In each case, selected HF additions were used (Tables 2 and 3 ). 


The only formulation that resulted in a cured bar with any appreciable 
strength was B37 (15,000 psi, Table 2) which had only a very small amount 
of NH^HgPO^. But this slurry formulation was unsatisfactory because shelf 
life was shortened from 10 to 1-1/2 minutes (Table 3). Complete substitu- 
tion of NH^HgPO^ for H^PO^ did not result in any improvement either; in 
fact, it was deleterious because strength values were very low, less than 
500 psi. Bars made with slurries B40 and B41 were soft, and bars made 
from slurry B39, although they were hard, were very porous because of gases 
that were given off during drying and curing. Thus, the use of M^HgPOg 
offers no advantage in the H^PO^-HP-HgO-ZrOg system. 
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Phosphate Concentration 


General. Effect of phosphate hinder solution concentration on selected 
properties of the coating was studied. Phosphate concentration is im- 
portant because too little provides inadequate chemical bonding while too 
much impairs high-temperature strength. The range of phosphate binder 
additions studied included both extremes, 0.1 and 10.0 parts by weight of 
binder solution No. 4 (a 40:1 volume ratio of H^PO^ to HE) per 10.0 parts 
of Zr0 2 (Table 4 ) . 

In sum, the following studies showed that best phosphate additions were 
between 0.5 and 1.1 parts binder solution (BS) No. 4 and 10.0 parts ZrOg. 
Bars and coatings made from slurries using this formulation were hard and 
strong. Strength and hardness was maintained after annealing at all tem- 
peratures with one key exception. Materials that were made from slurries 
containing 1.1 parts BS No. 4 per 10.0 parts Zr0 2 became friable after 
annealing at 2700 F for 5 minutes. Longer annealing time resulted in high 
strength once again because of sintering. The reason for the short-lived 
friable nature is caused by the phase change in the Zr0 2 grains. Zr0 2 is 
destabilized by the presence of phosphorous at ca. 2700 F. 

Lowest phosphate addition (0.1 part BS No. 4 per 10.0 parts Zr0 2 ) produced 
materials after curing with low strength at room temperature. After anneal- 
ing at temperatures above ca. 2700 F, however, sufficient strength was 
produced in these materials because of sintering. High-range phosphate 
additions (>1.1 parts BS No. 4 per 10.0 parts ZrOg) produced weak materials 
because of high porosity. Bars made from slurries containing excess phos- 
phate binder solution were slow to dry and cure. They were soft even after 
drying at room temperature for 3 days and curing at 240 F for another. 3 
days. After curing at 600 F for 1 hour, these materials became hard but 
strength was impaired by microcracks and high porosity. After annealing 
at high temperatures, ^3750 F, strength deteriorated and the materials 
became bloated and friable. 
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Evaluation of these slurries was based on the visual, microscopic, X-ray- 
diffraction, and electron-beam microprobe X-ray analyses of bars that 
were subjected to three tests: (l) thermal stressing of bars using the 

arc-plasma jet, (2) annealing bars under isothermal conditions, and ( 3 ) 
flexural strength measurement at room temperature. 

Test Bars: Fabrication and Evaluation . Test bars measuring l/k inch by 

l/4 inch by 2 inches were made for evaluation of selected properties by 
casting thin (i.e., low-viscosity) slurries in Teflon molds. Thin slurries 
were used so that the chemical environment was the same as it would be in 
sprayed coatings. Unfortunately, when excessive amounts of fluids (either 
water, binder solution, or mixtures of both) were used, satisfactory test 
bars were very difficult to obtain. Shrinkage during drying and curing 
was so large that many micro and macrocracks formed in the bars. 

Because only 1-inch, rather than 2- inch test bars were needed for testing, 
the 2-inch bars were notched in the center so that they cracked at the 
notch first during drying. However, too many other cracks also occurred 
for these bars to be useful for measuring strength. Slow drying and curing 
schedules reduced, but did not eliminate, the formation of cracks in the 
test bars. Bars were dried at least 1 day in an enclosed container where 
initial drying was very slow because of the high relative humidity; at 
least 1 day exposed to ambient air; 2 hours at 100 F, 2 hours at 180 F, 

2 hours at 212 F, and 1 hour at 600 F. Bars made from formulations that 
contained excess binder solution (B47 and B48) were heated even more slowly, 
4 days at room temperature, 3 days at 240 F, and 1 hour at 600 F. 

Although strength could not be measured because all bars cracked, relative 
hardness did provide some useful information. Results are summarized on 
the following page. 
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Slurry 

No. 

Parts By Weight Binder 
Solution No. 4 per 
10 Parts ZrOg 

Relative Hardness 

B43 

0.1 

Soft, easily scratched with fingernail. 

B44 

0.5 

Bottom of bar: soft, scratched with 

fingernail. 

Top of bar: hard, barely scratched with 

knife blade. 

B45 

l.l 

Hard, barely scratched with knife blade. 

B46 

1.25 

Hard, barely scratched with knife blade. 

B47 

4.3 

Hard, barely scratched with knife blade. 

B48 

10.0 

Hard, barely scratched with knife blade. 


Based on this information, 0.1 part hinder solution per 10 parts ZrOg is 
too little, vhereas 0.5 part is borderline in providing adequate bonding. 
Bars made from the slurry with 0.5 parts of binder solution (B44) were 
hard on the surface but soft inside because the binder solution migrated 
to the surface before it reacted with the ZrOg during drying and curing. 
Although segregation of the binder would be less likely in a 0.0035-inch- 
thick coating than in the l/4- inch- thick test bar, the 0.5 part binder 
level was considered borderline. At the high end of the range, 4.3 and 
10 parts binder solution constitute too much liquid. Slurries with this 
much liquid shrank excessively when cured and were excessively porous 
and susceptible to cracking. Thus, based on these results, the best 
binder concentration was between 0.5 and ca. 3 parts of binder solution 
No. 4 per 10 parts by weight of ZrOg. 

Thermal Stressing of Bars In the Arc-Plasma Jet . Test bars were subjected 
to a thermal stress test by placing them about 1 inch away from the front 
of the arc-plasma gun. Comparative analysis was not possible because the 
microcracks in the test bars caused premature thermal shock failure in 
most tests. Analysis of individual results, nonetheless, was informative. 
Results showed that these phosphate-bonded test bars made from slurries 
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B44 and B45 were refractory and resistant to thermal shock. Temperature 
in the molten area, which was measured with the optical pyrometer, was 
never less than 4100 F and more often about 4550 F. 

The key point was that the test bars withstood the thermal stress which 
was severe because of the intensity of the arc-plasma jet and the low 
thermal conductivity of the zirconia-based material. As the material 
melted and formed a molten pool where the jet impinged on the surface of 
the bar, the molten material blew away from the center of the heated area. 
As it blew away, it solidified in the outer periphery of the test area. 
Thus, the test area looked like a floral cup with a diameter of about l/4 
inch, the outer petals being frozen droplets of zirconia (Fig* 3). The 
center of the flower eroded to a depth of as much as l/8 inch before the 
bar broke as a result of the force of the arc-plasma gases. Most refrac- 
tory ceramic hardware breaks immediately into many fragments when heated 
in this manner by the arc-plasma jet. 

Thermal Stability . 

Procedure , Thermal stability of the compositions listed in Table 4 
was determined by annealing bars at selected temperatures and then exam- 
ining the annealed bars by optical and X-ray diffraction techniques. 
Fragments of bars, about l/4 to l/2 inch long, were set on ZrO^ bricks 
for annealing. Annealing at 1850 F and below was in an electrically 
heated muffle furnace, while annealing at higher temperatures was in a 

gas-fired ZrO^ muffle furnace* The atmosphere in both cases was oxi- 
dizing, Annealing temperatures were selected at critical levels: 4000 

and 3750 F because these were upper service temperatures; 2700 F because 
the cementitious phase was reported to change from ZrP^O^ to (ZrO)^P^O^ 

+ P^0^ (Ref. 4) and because CaO- stabilized ZrO^ was reported to destabilize 
at this level (Ref. 5); 1850 and 1000 F because these were about equally- 
spaced between the next higher temperature, 2700 P, and the curing 
temperature, 600 F, Annealing times were 5 and JO minutes. 
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Figure 3. Specimens Melted in the Arc-Plasma Jet 
(Magnification X2.4) 
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TABLE 4 


PHOSPHATE-BONDED ZrOg SLURRY FORMULATIONS 




Compositi 

on 


Slurry 

No. 

Zr0 2 J 

g 

Binder Solution 
No. 4, g 

Volume of Binder 
Solution No. 4 
Plus HgO, cc 

Observations and 
Comments on Mixing 
the Slurry 

B43 

10.0 

0.1 

1.8 

NSR* 

B43-1 

10.0 

0.1 

1.5 

NSR 

B44 

10.0 

0.5 

1.8 

NSR 

B44-1 

10.0 

0.5 

1.5 

NSR 

B45 

10.0 

1.1 

1.5 

Set to a paste consis- 
tency in 1-1/2 minutes 

B46 

10.0 

1.25 

1.6 

(g of H 2 0) 

Set to heavy paste in 
1-1/2 minutes; more 
water was added so 
that it could be 
poured 

B47 

10.0 

4.3 

No HgO added 

NSR; very thin consis- 
tency 

B48 

10.0 

10.0 

No HgO added 

NSR; very thin consis- 
tency 


*NSR = No sensible reaction. 
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Results of the 30-minute anneal are listed in Table 5 > and photomicrographs 
of mounted specimens are shown in Fig. 4a through d . Compositions of 
interest were B44 and B45. Specimens of B44 and B45 changed very little 
in appearance as a result of annealing. As in all specimens, color changed 
from light grey to light beige. Bars could not be scratched with a steel 
probe, and hardness did not change sensibly because of annealing. In fact, 
hardness probably increased because of sintering. A more sensitive yet 
meaningful hardness test was not available. Hardness testing instruments 
did not give useful data because the large indenters crushed test specimens, 
and a microhardness tester was not used because results would have varied 
considerably as a function of the location of the indenter. 

Strength was high and probably increased with annealing temperature due to 
sintering. That these bars were strong and did not crack is significant. 

A small amount of glass formation was indicated at 3750 and 4000 F by the 
glassy appearance on the surface of the test bars. Formation of calcium 
phosphate or calcium zirconium phosphate glass is reasonable. Sharp edges 
on the bars remained sharp on the B44 bars but rounded at 4000 F on B45 
bars. Edges on bars composed of B43, which had very little phosphate, 
also rounded. 

Grain growth and sintering (Fig. 4a through d) were not evident at 2700 F, 
but were pronounced at 3750 F. Liquid-phase sintering due to the presence 
of a glassy phase, was not evident. Sintering and grain growth were of 
the same magnitude in bars that were made with excess and without any 
phosphate. 

Strength and hardness of bars made from composition B43, which contained 
very little phosphate binder, increased with increasing annealing tempera- 
ture. This was because of bonding and grain growth that resulted from 
sintering. Although strength was high after annealing at higher tempera- 
tures, this composition would be unsatisfactory for use in monolithic 
heat-barrier coatings because strength would not be developed in the 
moderate- and low- temperature strata where sintering did not occur. 
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600 F 2700 F 3750 F 

Figure 4a through d\ Microstructure of Bars Composed of Formulations of B44, 45, 47, 

and 49 That Were Annealed for 1/2 Hour. (White areas are ZrO^ 
grains; dark areas are mounting epoxy, cementitious phases, or 
voids. Magnification X400) 
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Conversely, for formulations containing higher concentrations of phosphate 
hinder (B46 through B49) , strength decreased with increasing annealing 
temperature. Strength decreased and the specimen became friable because 
of (l) increased porosity that resulted from bloating, ( 2 ) thermal strains 
caused by mismatched thermal properties of the ZrO^ and the binder phases, 
and/or ( 3 ) phase changes in the binder or the ZrO^. It should be pointed 
out that the nature of the binder phases in the system could change with 
increasing phosphate content. Excess H^PO^ and HF could shift the equilib- 
rium of a particular reaction so that a given phase might reduce the resis- 
tance to thermal shock in the binder-rich formulations. It does not follow 
that it should do likewise in the binder-poor formulations. 

Glass formation was clearly evident in those specimens that contained excess 
phosphate binder. Bars bloated, apparently the result of trapped gases in 
the viscous liquid. Bars also bonded to the support, due to the viscous 
phase that flowed from the specimen. Bonding by solid-state sintering 
was unlikely because similar specimens, but with less phosphate content, 
did not bond to the ZrO^ supports. 

Results of annealing bars for 5 minutes (Table 6 ) rather than for l/2 hour 
were the same with one significant exception. Similar results were obtained 
in reference to hardness, strength, and microstructure. These results 
indicated that most of the sintering occurred within the first 5 minutes. 

The important exception was that, whereas all other bars were strong after 
annealing for 5 and 30 minutes at all other temperatures, the bar of B45 
was friable after annealing for 5 minutes at 2700 F. The reason for the 
friable nature of this one specimen was destabilization of the CaO-stabilized 
ZrC^. This was proven by X-ray diffraction studies which are described 
below. 

Significantly, the B45 bar that was destabilized by annealing at 2700 F 
for l/2 hour was hard and strong. The reason for the improvement in 
strength and hardness over that of the bar annealed for only 5 minutes 
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THE EFFECT ON STRENGTH AND HARDNESS OF SELECTED COMPOSITIONS OF 



5 


NOTES: (l) Hardness, A = soft, rubs off 

B = scratched with fingernail 
C ~ scratched easily with steel blade 
D = scratched with difficulty with steel blade 
E = not scratched with steel blade 



was probably bonding and grain growth due to sintering that occurred after 
the phase change. The bar annealed at 2700 F for only 5 minutes was prob- 
ably still undergoing a phase change and, therefore, exhibited the friable 
nature of a material undergoing a large volume change. 

X-Ray Diffraction Analysis . Powder X-ray diffraction analysis was per- 
formed on the B45 specimens annealed at 1000, 2700, 3750, and 4000 F and 
in the as-cured condition. Only phases of ZrOg were found; no phosphate 
or calcium compounds were detected. The only crystalline phase found in 
specimens annealed at 600 (as-cured) , 1000, 1800, and 4000 F was cubic 
ZrOg (the stabilized phase). Cubic ZrO^ was also the major phase found 
in the specimen annealed at 3750 F, while monoclinic ZrOg (the low- 
temperature, unstabilized phase) was found as a minor phase. On the other 
hand, the only phase found in the specimen annealed at 2700 F was mono- 
clinic ZrOg* It was surprising that no monoclinic ZrOg was detected in 
material that was annealed at 4000 F. The starting, material , although 
advertized as being only 75-percent stabilized, is actually 100 percent 
stabilized in the as-received condition. It is designed to convert to 
25 percent of the unstabilized form after annealing at 2500 F for 4 hours. 

A 25:75 ratio of monoclinic and cubic ZrOg is said to give the best thermal 
shock resistance to bodies made from this material. Destabilization of 
the ZrOg, which is due to the formation of CaZr^PO^g at intermediate 
temperatures (Ref. 5 and 6), was unexpected based on prior work. Speci- 
mens studied in Ref. 5 and 6 had been annealed for several hours when the 
destabilization was observed (Ref. 7). 

Because it is the phosphate that removes CaO (the stabilizing agent) out 
of solid solution in the Zr0 2 phase, the analysis was repeated on speci- 
mens that contained half as much phosphate content (formulation B44)., 

These specimens, which were also annealed for 5 and 30 minutes, only 
partially destabilized. Thus, destabilization can be reduced, possibly 
to normal, by decreasing the phosphate content in the formulation. 
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Electron-Beam Microprobe Analysis , An electron-beam microprobe X-ray 
analysis substantiated the above results. The specimen (No. 72-4, test 
area 4) that was analyzed had been tested in the arc-plasma jet and 
mounted for analysis using a standard technique*. Consequently, the 
coating had been subjected to a temperature gradient across its 5 mil 
thickness with a hot-side surface temperature of 3750 F (optical pyrometer 
temperature). Three areas were analyzed at 220 and 880 magnification; 
they were located at the Haste 11 oy-X/ coating interface, at the outer (hot- 
side) surface, and in the center of the coating (Fig. 5 ).. The area shown 
in Fig. 5 was located about 50 mils laterally from the center of the arc- 
plasma jet. Because of the high magnification of the- recorded images in 
the central stratum, they do not include the outside surface or the inter- 
face between the coating and Hastelloy-X substrate. Thus, the maximum 
temperature in the analyzed area was less than 3750 F; it was estimated 
to be about 3150 F. 

Location of Zr, which is shown in the electron backscatter and Zr X- 
radiation images (Fig. 6a and c), corresponds with the ZrO^ grains in 
the coating (Fig. 5 ). The electron backscatter image shows the location 
of the heavier elements in a material, in this case only Zr. Calcium is 
uniformly distributed in the ZrO^ grains in the low-temperature zone (the 
lower half of Fig. 6d), but Ca is not found in the ZrO^ grains in the 
high-temperature zone (the upper half of Fig. 6d). In the high-temperature 
zone, the location of Ca coincides with that of phosphorus. Phosphorus 
is located uniformly in the matrix surrounding the ZrO^ grains and it is 
shown to be more dense in the high-temperature region (Fig. 6b). 

These data concur with previous findings in that the CaO-stabilized ZrO^ 
destabilizes at an intermediate temperature range around 2700 F. The CaO, 
which is originally in solid solution in the ZrO^ grains, diffuses out of 
the ZrOg and reacts with the phosphate binder phases. 

*The specimen was mounted for electron microprobe analysis using a standard 
procedure for nonconductive specimens. The specimen was mounted under 
2400 psi at 325 F using Epiall epoxy which contained enough nickel powder 
to make it electrically conductive. 
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(e) Zirconium X-Radiation Image (d) Calcium X-Radiation Image 


Figure 6. Electron-Beam Microprobe Analysis of a Phosphate-Bonded Zr0 o 
Coating That has Been Tested in an Arc-Plasma Jet. 
(Magnification X88Q . Power 25kv. ) 
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Reason for the higher concentration of phosphorous in the high-temperature 
zone is unclear* It could be due to reinforcement of X-rays from Ca be- 
cause both elements are relatively close in atomic number* The concentrated 
spots of Ca in the high-temperature zone can be explained because the same 
amount of Ca probably occupies a smaller volume after it diffuses from the 
ZrOg grain into the cementitious matrix. 

Electron microprobe analyses in the outer (hot side) and inner (cold side) 
strata did not show the separation of Ca from Zr so clearly as was apparent 
in the central stratum* This indicated that Ca diffusion out of ZrOg and 
reaction with P^O^. occurred predominately in the middle-temperature range, 
near 2700 F. 

Fluxing of the Phosphate Binder . Optical pyrometer melting temperature 
was obtained by melting test bars of selected compositions in the arc- 
plasma jet. The test was started at a low power setting and the power 
was gradually increased until surface melting was observed through the 
optical pyrometer. Results of this study (Fig. 7 ) are presented only as 
a guide for indicating the relative extent to which the phosphate content 
fluxed Zr0r>; they do not represent absolute melting temperatures because 
emittance of the surface and reflection of radiation from the arc-plasma 
jet were not considered. A reasonable curve can be faired through the 
data provided that one point is neglected. The atypical point is the lowest 
of the three data points (the open circle in Fig. 7 ) for the system with 
5-percent binder content. Melting temperatures for compositions containing 
more binder than 10 percent were not obtained because satisfactory specimens 
were not available. 

These data indicate that more than 10.1 parts binder solution No. 4 per 10 
parts Zr 02 would flux ZrO^ near or below the acceptable limit for this 
program; ca. 4100 F. Note that 4100 F is the optical pyrometer temperature 
so that true melting temperature would be closer to 4200 F, or higher. 
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PHOSPHATE BINDER CONTENT, q BS NO. 4 

10 9 Zr0 2 

Figure 7. Melting Temperature of Phosphate-Bonded 
ZrO„ as a Function of Binder Content 




Alcohol Suspension Media 


Use of an organic liquid rather than water offers two potential advantages; 
one, a liquid could he selected that is chemically inert and, therefore, 
does not complicate or accelerate bonding reactions; and two, the liquid 
would evaporate rapidly once the coating has been applied, thereby allowing 
shrinkage to occur before bonding occurred. 

To evaluate this concept, several alcohol suspensions were made and tested 
in the arc-plasma jet. Coatings were hard, strong, and survived the arc- 
plasma jet test. This approach in formulation was not pursued at this 
time; however, it remains as a further potential process variable for 
development, should the slurry properties require alteration for uniform 
spraying on thrust chambers. 

Sunmary 

Optimum range of phosphate binder solution is between 0.5 and 1.1 parts 
by weight per 10 parts of ZrO^. Less than 0.5 part binder solution is 
insufficient for producing high strength but 0.5 part provides adequate 
strength which increases because of sintering in the hotter strata of the 
coating. Destabilization of ZrO^ has not been a problem when using the 
lower phosphate content. On the other hand, although more phosphate binder 
produces improved strength at lower temperatures and does not impair proper- 
ties in the high-temperature strata of the coating, it leads to destabiliza- 
tion in the intermediate-temperature strata of the coating. Thus, it would 
seem that each service temperature level will require a different phosphate 
concentration for maximum reliability. A more thorough study of this system 
will be required to optimize the formulation for achieving the best coating 
for a particular service condition. 
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ADHERENCE 


General 


Tenacious adherence of the heat-barrier coating to the Hastelloy-X sub- 
strate is of primary importance to its ultimate usefulness in a rocket 
engine thrust chamber. Adherence has been quite adequate to survive con- 
ditions in the arc-plasma jet test; but it -would be hazardous to conclude 
from this observation alone that the coating will survive the service 
environment in an actual thrust chamber where, in addition to the possi- 
bility of damage in field handling, operational stress conditions and 
shear forces are expected to be more severe than they have been in the 
arc-plasma jet tests. With this in mind, several design and process 
approaches to improving adherence were evaluated. These included: (l) 

chemical etching of the Hastelloy-X substrate, (2) preoxidation of the 
Hastelloy-X substrate, (3) use of a porous melt-sprayed metal base layer, 
and (4) use of a thin, refractory glass base layer. The thin glass base 
and melt-sprayed metal layers potentially offer the added advantage of 
accomodating and relieving strain between the coating system and the 
Hastelloy-X substrate under service conditions. And theoretically, the 
glass base layer should provide the best adherence possible: The glass 

can be chemically bonded to both materials, viz., the Hastelloy-X and the 
phosphate-bonded ZrO^ coating; and chemical bonding can be expected to be 
of the order of 100 times stronger than the mechanical bonds depended upon 
on a Hastelloy-X substrate prepared simply by grit blasting. 

Thermal Shock Test 


A series of test specimens were prepared for comparing the above methods 
of improving adherence. Specimens with coating thicknesses of about 15 
mils were prepared in exactly the same way, except for Hastelloy-X sub- 
strate preparation before coating. Methods of substrate preparation and 
results (Table 7 and Fig. 8 ) are discussed below. 
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TABLE 7 


A DHER ENCE DATA: THERMAL SHOCK TEST OF COATED HASTELLOY-X TABS 

THAT WERE PREPARED USING SELECTED TECHNIQUES 


Coating 

Specimen Thickness, 


Surface 

Preparation 



Melt Sprayed, 
Inconel Coated 


Glass Coated 
and Fused 



Comments 


Adhesive Failure: The 

metal under the coating 
was clean and shiny. 


Adhesive Failure: The ex- 

posed metal oxide layer 
under the coating contained 
some adherent fragments of 
coating; the coating sur- 
face contained some ad- 
herent fragments of metal 


Adhesive Failure: Adherent 

fragments of coating were 
uniformly distributed on 
the grit blasted metal 
surf ace. 


Adhesive Failure: Same as 

the grit blasted metal sur- 
face except that fragments 
of coating were smaller. 


Cohesive Failure: The 
coating system spalled 
inside the glass layer. 


Cohesive Failure: The 

coating crushed; the metal 
was .still completely cov- 
ered with adherent frag- 
ments of coating. 


No Failure: 
ended. 


The test was 
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No Treatment . Specimen substrates were in the as-received condition 
except for the standard cleaning procedure. Coatings on substrates that 
had not been treated failed adhesively when cooled from an average tem- 
perature of 1100 F. The metal where the coating spalled was in the orig- 
inal condition, clean and shiny. The photograph of this specimen, Fig. 

8a, does not show this clearly because of the nature of the reflected 
light. One specimen, number 224, indicated unusually good adherence for 
a coating that was applied to an untreated substrate. It failed when 
cooled from temperatures at least as high as those required to fail coat- 
ings that were applied on roughened substrates. This specimen indicated 
that some degree of chemical bonding between a phosphate-bonded ZrO^ coat- 
ing and Hastelloy-X substrate can be developed. The reason for the better 
adherence, exhibited by this specimen was unknown because all specimens 
were supposedly prepared identically. 

Oxidized . One group of substrate specimens was preoxidized in ambient air 
at 1600 F while another was preoxidized at 2000 F, both for 1 hour. Coat- 
ings that were applied on oxidized substrates failed adhesively when cooled 
from an average temperature of 1000 F (Fig. 8b and c). The 2000 F oxidation 
temperature gave slightly better adherence than that of 1600 F, but this 
method of substrate preparation did not show any improvement in promoting 
adherence over untreated substrates. Failure was at the metal oxide/ 
phosphate-bonded Zr02 interface. Two specimens indicated, however, that 
improved adherence might be achieved by this approach with further develop- 
ment. A small portion of these specimens, about 10 percent, failed at the 
metal /metal oxide interface, indicating that the bond between the metal 
oxide and phosphate-bonded coating was stronger than the bond between the 
metal and the metal oxide layer. The bond of the oxide layer to the metal 
is very strong as evidenced by its superior oxidation resistance among 
metals. 

Grit Blasted . Specimens were grit blasted by the standard procedure using 
-20 mesh Al^O^. Surface roughness varied between 150 and 200 microinches 
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rms. Coatings on substrates that were grit blasted failed adhesively 
when cooled from an average temperature of 1160 F (Fig. 8d). They were 
surprisingly poor compared to previous results of one particular bend 
test (refer to Fig. 10) . The coating on this specimen was crushed after 
many bends back and forth over progressively smaller mandrels, but even 
then , much of the substrate was still covered with adherent fragments of 
coating. This discrepancy points out the importance of quality control 
(and possibly cleanliness) of roughened surfaces. 

Etched . Specimen substrates were macroetched in boiling aqua regia for 
about 1 minute before they were coated (see Appendix E) , Coatings on 
etched substrates failed adhesively when cooled from an average tempera- 
ture of 1200 F, which indicates that they were slightly more adherent than 
coatings that were applied on the grit blasted substrates. Proportionally 
as many adherent fragments remained on the substrate after the coating 
spalled as on grit blasted substrates, but the fragments were much smaller 
(Fig. 8e) . That the adherent fragments were smaller is understandable, 
because the size (width) of the recessions of the etched grain boundaries 
was smaller than of those made by grit blasting. 

Melt-Sprayed Inconel Coated . Specimens were grit blasted and then coated 
with 2 mils of arc-plasma sprayed Inconel. Coatings that were applied over 
the 2-mils of melt-sprayed Inconel failed cohesively rather than adhesively, 
and only when cooled from a much higher average temperature, 1400 F, than 
the previously described specimens. Both of these factors indicated strong 
adherence (and possibly strain relief). In fact, the Inconel substrate 
was still completely covered with strongly adherent fragments of phosphate- 
bonded ZrOg after testing (Fig. 8g) . Strong mechanical adherence was 
promoted by this rough texture (to 280 microinches rms) of the melt-sprayed 
metal surface (Fig. 9a). 

Glass Coated . Specimens were covered with 2 mils of a tenaciously adherent 
glass coating (Appendix E). The glass coating was roughened by grit blasting 
with -120 mesh garnet before the phosphate-bonded Zr02 was applied. Post- 
test microscopic examination of mounted specimens showed that grit blasting 
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Mounting Material 


Phosphate -Bonded ZrO^ Coating 

(Note: Although this coat- 

ing had been crushed in 
adherence tests, the coating 
was still adherent at the 
inconel surface.) 


Melt-Sprayed Inconel Base 
Layer 

Haste 11 oy-X Substrate 


Phosphate-Bonded ZrO^ Coating 

(Note: This coating was 

still adherent after 
thermal cycling from 
1900 F.) 


Glass Coating Base Layer 

(Note the smooth boundaries 
on both sides.) 

Haste lloy-X Substrate 


cimens That Have Special 
if ication X400) 


had seriously damaged the glass coating. Even though the glass was frac- 
tured, coatings applied over the grit blasted glass substrate showed 
improved adherence. In fact, the phosphate-bonded Zr.0g coating did not 
fail; rather, the glass coating failed (Fig. 8f ) . A uniform layer of 
glass was still strongly attached to both the Hastelloy-X substrate and 
the phosphate-bonded ZrOg coating surface. 

Glass Coated and Fused . Specimens were coated with glass exactly as in 
the above case, except that the grit blasting operation was omitted. After 
the phosphate-bonded ZrOg coating was applied and cured, it was fused to 
the glass coating at 1900 F for 1 minute. Coatings that were fused to 
the glass substrate showed by far the best adherence; in fact, they did 
not fail at all (Fig. 8h), The fact that these thick (14.5 to 17 mil) 
phosphate-bonded ZrOg coatings did not fail when thermally shocked from 
as high as 1900 F, the processing temperature, indicated that the glass 
was acting to relieve thermal strains between the phosphate-bonded ZrOg 
coating and the Hastelloy-X. Thermal strain above ca, 1300 F was probably 
negligible because the glass could deform plastically at this temperature. 
ZrOg grains in the heat-barrier coating were chemically bonded to the glass; 
they were not embedded in the glass and the glass surface was too smooth 
to promote any mechanical adherence (Fig. 9b). 


An important sidelight of this study indicated that strong chemical bonds 
can be produced between the metal and the coating. The best example of 
this was shown on specimens in which the metal was in the as-received con- 
dition, although the same result was also observed on grit blasted speci- 
mens. When coated specimens were cooled from 1200 F or lower and the 
coating spalled or was broken off, the interface condition was as predicted: 
the metal was clean and the coating surface at the interface side was white. 
When coated specimens were cooled from 1300 F or higher, however, a dif- 
ferent result occurred: the metal was clean where the coating spalled, 

but the interface side of the coating was covered with a bright metal 
finish. Failure was apparently within the metal, although very close to 
the surface. 
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Bend Test 


Results of bend tests, types A and B, are summarized in Table 8 and 9 . 
Specimens are listed in order of performance, with best adherence first. 
Ranking and comments as to mode of failure and to metal surface condition 
after the coating failed were the same as those that were given in the 
preceding section on thermal shock test results. Again, the glass-coated 
and Inconel-coated substrates promoted excellent adherence. In fact, 
adhesive failure was not achieved in these tests because the Hastelloy-X 
substrate crimped over the small-sized mandrels required to crush the 
phosphate-bonded ZrOg coating that was applied over the glass coating, 
and the coating crushed so badly before the metal substrate was exposed 
on the Inconel-coated specimen, that further testing was meaningless. 

Results are noteworthy because of the extensive punishment that the 
phosphate-bonded ZrOg coatings took before they failed. Coatings applied 
on substrates that were Inconel coated or glass coated and fused to the 
phosphate-bonded ZrOg coatings survived all flexes in test A to the smallest 
mandrel, 3/4 inch in diameter; and they survived 10 flexes back and forth 
over 4-1/2, 3-1/2, 2-1/3, 2, and even in some cases l-l/2 and 3/4-inch 
mandrels in test B. 

Results using specimens prepared by grit blasting were again inconsistent. 
The coating spalled in test A when bent over 4-l/2- and 2-l/2-inch mandrels, 
and in test B when bent only twice (that is once in tension and once in 
compression) over a 4-1/2-inch mandrel. Earlier in a test to evaluate 
the validity of the bend test, a 5-mil-thick coating applied over a grit 
blasted substrate (specimen 116 ) survived: 

1. Ten flexes back and forth over a 4-l/2- and 2-l/4-inch mandrel 
without any visible change in the coating 

2. Ten flexes over a 1-1/2- inch mandrel, where 40 percent of the 
coating 3palled after being crushed 
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TABLE 8 


SUMMARY OF ADHERENCE DATA: BEND TEST TYPE A* 


Substrate 

Preparation 

Coating 

Thickness, 

mils 

Mandrel Diameter Where 
75 Percent of 
the Coating Spalled, 
inche s 

— 

Coating 

Thickness 

Correction 

Factor*** 

Ranking 
In Order 
of Best 
Adherence 

Glass Coated 
and Fused 

6.0 

NF** 

- 

1 

Inconel 

Coated 

4.6 

NF 

-f 

2 

Glass Coated 

5.5 

1.5 

0 

3 

Etched 

5.2 

1 

+ 

3 

Grit Blasted 

6.9 

3.5 

- 

4 

Oxidized at 
2000 F for 
1 Hour 

7.0 

3.5 

- 

4 

Oxidized at 
1600 F for 
1 Hour 

6.0 

3.0 

- 

4 

None 

5.5 

3.5 

0 

5 


*In this test, specimens were bent with the coating on the convex side 
once around progressively smaller mandrels, 4-1/2, 3-1/2, 2-1/2, 2, 
1-1/2, 1, 3/4 inch diameters. 

**NF = No failures 

***0 = No correction was necessary; coating thickness was the same as that 
of the control specimens, 5.5 mils. 

+ = Mandrel size at which the coating failed would have been larger had 
coating thickness been the same as the control specimens. 

- = Mandrel size at which the coating failed would have been smaller had 
coating thickness been the same as the control specimens. 
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TABLE 9 


SUMMARY OF ADHERENCE DATA: BEND TEST TYPE B 





Mandrel Diameter Where 

Ranking 


Coating 


75 Percent of 

In Order 

Substrate 

Thickness, 

Number of 

the Coating Spalled, 

of Best 

Preparation 

mils 

Flexes* 

inches 

Adherence 

Glass Coated 

18.0 

6 

2.5 

i 



1 

1 





(stopped because the 
Hastelloy-X crimped 
over the small 
mandrel) 


Inconel 

4.5 

7 

0,75 

i 

Coated 



(stopped because the 





coating was being 
crushed) 


Glass Coated 

4.1 

2 

4.5 

2 

and Grit 


2 

4.5 


Blasted 


3 

4.5 


Etched 

6.0 

2 

4.5 

2 

Grit Blasted 

6.3 

2 j 

4.5 

2 

Oxidized 




(adherence was in- 

3 




adequate for this 
test) 


None 

— 



3 


*The coating was on the convex side during the first flex, on the 
concave side during the second flex, on the convex side during 
the third flex, etc. 
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3. Three flexes back and forth over a 3/4 -inch mandrel without 
further damage to the coating. 

4. One flex back and forth over l/2-inch mandrel (Fig. 10) . 

Again, the only apparent reason for the diverse test results was inconsis- 
tency in degree of grit blasting. 

Other reasons for scatter in adherence data are inherent in the bend tests. 
These include: (l) variations in coating thickness and surface condition, 

i.e. , in coating strength, (2) edge effects, (3) bowing of the metal spe- 
cimen across the width because of grit blasting or sectioning, (4) residual 
stresses in the metal because of grit blasting, and (5) residual stresses 
in the metal/coating system because of differences in the thermal expansion 
and conductivity of the metal and phosphate-bonded ZrO^ coating. 


Tensile Test 


Tensile test da^fca as such, were not obtained because of inability to make 
satisfactory specimens. Nevertheless, results did give useful information. 
The main problem in making specimens was that most of the thick coatings 
that were applied to the l/4-inch-thick Haste 11 oy-X discs spalled after 
curing so that tensile tests were not possible. Thick coatings were re- 
quired so that the epoxy would not penetrate to the coating/metal interface. 
One reason for spalling may have been the change in thermal stresses that 
were developed because of the slow cooling of the thick Haste 11 oy-X disc. 
Tensile tests of the specimens in which the coating did not spall were 
invalid because the epoxy cement penetrated under the coating and provided 
an indeterminate proportion of the tensile strength. 

Only 12 specimens were made. Substrate preparation was: three untreated, 

three oxidized at 1950 F for l-l/2 hours, three grit blasted, and three 
with glass. In this test, the glass was not further treated; i.e., either 
grit blasted or fused into the phosphate-bonded ZrO^ coating. 
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6 


Figure 10. Specimen 116 After Flexing Back and Forth Over Progressively Smaller 
Mandrels. (Substrate preparation: Grit blasting; Magnification X5) 


Coatings on two of the untreated substrates spalled after curing, yet 80 
percent of the metal discs were covered with adherent fragments of coating. 
These fragments could not he removed with a fingernail, hut they could he 
with a sharp pointed steel blade. The third specimen, which was pulled 
apart in the tensile test machine, was 85 percent covered after testing 
with adherent fragments. This was even more, on the average, than the 
amount of coating fragments that adhered on the grit blasted substrates 
after the coating was pulled off. Again, chemical bonding to the metal 
substrate was indicated. 

The coating on one of the specimens prepared by grit blasting spalled after 
curing, whereas coatings on the other two were pulled off in the tensile 
test. Portions of the metal substrate covered with adherent fragments 
were 100, 60, and 50 percent. Degree of bonding of the coating fragments 
was the same as for the untreated substrate; viz., they could not be 
removed with a finernail but they could with a sharp steel blade. 


Coatings spalled off all three specimen substrates that were oxidized before 
coating. Proportions of adherent fragments were 10, 25, and 90 percent. 

Coatings also spalled off the untreated glass surface after curing. Pro- 
portions of adherent fragments on the smooth glass surface were 10, 10, 
and 25 percent. The phosphate-bonded ZrO^ coating bonded to untreated 
Hastelloy-X better than it did to untreated glass. 

ARC -PLASMA JET TESTS 

General 


Performance of phosphate-bonded ZrOg coatings under the thermal and chemical 
conditions of the arc-plasma jet test was excellent. More than 30 test 
specimens in which the coating was 5-mils or less thick and applied to 
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grit blasted substrates survived more than 100 different tests*. During 
these tests, coatings were exposed to surface temperatures as high as 
4100 F**; to 25 thermal shocks from 70 F to the test temperature to 70 F; 
and to at least 5-minutes total test duration. Phosphate-bonded ZrOg 
coatings under these conditions did not melt, spall, corrode, erode, or 
crack. Coating and test variables included coating thickness, heat flux 
through the coating, arc-plasma gas composition (argon and argon-oxygen), 
phosphate-binder, fluorine (as HF) , and water content. Special coated 
specimens included: 

1. Specimen 54-2, a standard Hastelloy-X coupon which was coated in 
two successive, complete operations. The first layer of coating 
was cured before the second layer was applied and cured. (This 
specimen is discussed on pages 85 and 86. 

2. Specimen 66-1, a standard Hastelloy-X coupon coated with an 
excessively thick coating (6 mils), in which special precaution 
was taken to avoid flexing the specimen before testing. The 
Hastelloy-X substrate was held rigid in the arc-plasma jet test 
fixture during coating, curing, and test operations. (This 
specimen is discussed on page 88.) 

3. Specimen 73-T, a stainless-steel tube coated with a thick layer 
of coating. (This specimen is discussed on pages 86 and 87*) 

All pertinent results are discussed in the following parts of this section, 
and the data plus photographs of specimens are presented in Appendix F. 
Description and evaluation of many specimens, particularly those tested 
early in the program, are omitted. Discussion of early data is of less 
importance and, in view of the newer data, would be repetitious. When 
evaluating these results, it is essential to note the complexity of the 
test and degree of accuracy of some measurements, such as of surface tem- 
perature. Meaningful evaluation of these tests must be based on consideration 
of all factors together, such as slurry composition (HF, H^PO^, H^O, and 
ZrOg contents), special substrate preparation procedures, method of slurry 

*0ne exception out of more than 100 tests was specimen 58-2, test areas 3 
and 4; this failure could be considered atypical because examination 
of the specimen showed that adherence was poor in this area. 

**A11 reported temperatures are uncorrected optical pyrometer temperatures 
unless otherwise stated. 
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application, coating thickness, test conditions, and purpose of test 
(e.g., heat flux calibration or coating performance). 

Appearance 

Appearance of coatings that were tested below their fusion temperature 
changed little. In general, the only visible change was the color, which 
turned from light grey to light beige, Fig. F-l, of specimens 39-1 area 1, 
39-2, 46-2, 55-2, 72-1 and 2. On one occasion when the argon plasma gas 
contained higher than normal oxygen impurity, oxides from the copper and 
tungsten electrodes were deposited in a ring around the test area, Fig, F-l, 
of specimen 38-2. Changes in hardness were sought by scratching with a 
steel probe, and changes in surface texture were sought at a magnification 
of 50 using a steromicroscope . When the coating fused it became trans- 
parent; see Fig. 3 of the test bars in previous section* 


Oxidizing and Reducing Atmospheres 

Specimen 38-2 was tested in neutral and oxidizing atmospheres without any 
difference in coating performance. The first two tests were performed 
using argon arc gas only. The coating survived the standard test sequence 
with surface temperature in both test areas of 3900 F, Oxygen was mixed 
with the argon arc gas in a 1:4 ratio during the next three tests by adding 
it through the powder-feed port of the arc-plasma gun. Power had to be 
increased substantially to drive the coating surface temperature to 3900 F 
because of the added heating requirement of the oxygen. No changes occurred 
in the first two tests at surface temperatures of 3500 and 3700 F. In the 
third test, however, burnout (i.e. , backside coolant failure) occurred as 
the specimen was being centered during the test. The 600-ampere setting 
used to test this area was the highest power input of all tests performed 
during the program. 

Specimen 39-2 was tested in neutral (argon) and reducing (argon/5^ hydrogen) 
arc gases without apparent differences in coating stability. The princi- 
pal effect of testing in the reducing atmosphere was the appearance of 
scattered, minute black flecks in the hot zone. Based on thermodynamic 
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estimates, phosphate-bonded systems would not be expected to be stable in 
high concentrations of hydrogen at elevated temperatures; reduction to 
lower oxidation states and ultimately to elemental phosphorus, accompanied 
by vaporization of the products, appears energetically favored at roughly 
2500 P and above under 1 atmosphere of hydrogen pressure. 

Micro structural Changes 

Microscopic examination of coatings after they had been tested in the 
arc-plasma jet provided very useful information as to the character of 
the coating system. Initial sintering temperature and degree of densifi- 
cation of the ZrOg grains were directly noted, while strength and resistance 
to thermal shock were correlatable . Of major note was the lack of gross 
cracking both parallel to the surface and perpendicular to the surface, 
even under extreme thermal conditions. 

Even though coated specimens were vacuum infiltrated with epoxy for mounting, 
preparation of satisfactory ceramographic specimens was difficult. First, 
coatings were often damaged, although not visibly, when the large test 
specimen was cut into small pieces for mounting. The reason was that all 
cutting procedures flexed the Hastelloy-X four times each in a different 
direction because the squared specimen had to be cut on each side. The 
most satisfactory method of sectioning specimens wns using a large paper 
cutter, but even so, the Hastelloy-X coupon was bent enough to damage the 
coating. The greatest advantage of the paper cutter was that the porous 
coating was not saturated with coolant water as was the case when using 
a diamond or SiC cutting wheel. Second, many of the ZrOg grains were 
broken out during grinding and polishing operations, even though care was 
taken to avoid this damage. 

Direct observation of the cementitious phase was not possible because it 
was indistinguishable from the mounting epoxy. Special microscopy tech- 
niques were not attempted, such as use of polarized light, to distinguish 
between these two phases. One effort was made to do so by dyeing the epoxy 
black. Results were inconclusive, however, because the dye was not opaque 
at high magnification. 
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Mounting Material 


Phosphate-Bonded ZrO Coating 

Test Area 2 
Surface Temperature = 

3650 F 


Hastelloy-X Substrate 


Mounting Material 


Phosphate-Bonded ZrOg Coating 

Test Area 5 
Surface Temperature = 

3850 F 


Hastelloy-X Substrate 


Mounting Material 


Phosphate-Bonded ZrOg Coating 

Test Area 6 
Surface Temperature = 
ca. 4430 F 


Hastelloy-X Substrate 


Figure 11. Cross Sections of the Coating on Specimen 72-6 After Testing 
in the Arc-Plasma Jet. (The white areas in the coating are 
Zr02 grains; the dark areas include cementitious material, 
epoxy, and voids. Magnification X400) 
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No sensible changes in the coating system were apparent to ca. 3650 F 
(Fig. 11a). ZrC^ § ra i- ns the surface still had sharp corners and had 
not sintered. At ca. 3850 F, ZrO^ grains to a depth of about l/4 the 
thickness of the coating sintered, but sintering was not accompanied by 
cracking or spalling of the coating (Fig. lib). 

Sintering and densif ication of the ZrO^ grains was pronounced above 4000 F. 
Figure 11c is a photomicrograph of an area in which surface temperature 
reached ca. 4430 F , where the coating fused. The test was ended before 
the thermal cycling phase because the coating would have spalled. But at 
this stage, the coating was still adherent, free of gross cracks, and had 
not deteriorated. 

Microscopic examinations of other test areas that were subjected to thermal 
conditions much higher than design requirements were also noteworthy. These 
coated areas were apparently more brittle or more weak than otherwise, be- 
cause most of the coatings broke away during sectioning, mounting, grinding, 
and polishing operations. Surface temperature in the area shown in Fig. 12a 
reached ca. 4460 F before the test was ended. Although the ZrO^ grains in 
the outer half of the coating thickness fused, and although the coating 
densif ied and microcracks were observed at 50X using a steromicroscope , 
the coating still did not spall. Possible microcracks are apparent in 
the photomicrograph perpendicular to the surface, but cracks parallel to 
the surface at the boundary between the uneffected and sintered layers of 
coating material, which could cause spalling, were not found. The test 
area that is shown in Fig. 12b was subjected to a surface temperature as 
high as ca. 4450 F before the end of the test. Although some deterioration 
is apparent in the outer one-fifth stratum, the coating was still intact 
in the area shown. This shows amazing durability under very harsh conditions. 

Phosphate Binder Content 

Formulations of phosphate-bonded ZrO^ coatings that were tested in the arc- 
plasma jet contained either 0.5 or 1.1 parts by weight binder solution No. 

4 per 10.0 parts ZrO^ powder. Based on the results, no major difference 
in coating performance due to the phosphate content was noted. It should 
be pointed out, however, that the 1.1 parts per 10.0 parts ZrOg formulation 
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Mounting Material 



Phosphate-Bonded ZrO^ Coating 

Specimen 58-2 
Test Area 2 
Surface Temperature - 
4460 F 


Hastelloy-X Substrate 



Mounting Material 


Phosphate-Bonded ZrO^ Coating 

Specimen 40-1 

Test Area 5 

Surface Temperature = 

4450 F 

The coating was broken off 
the substrate but note ad- 
herent fragments of coating 
on the Hastelloy-X 

Haste 11 oy-X Substrate 


Figure 12. Cross Sections of Coatings That Were Subjected to Thermal 

Conditions in the Arc-Plasma Jet Much More Severe Than Service 
Conditions in a Thrust Chamber (The white areas in the coating 
are Zr 02 grains; the dark areas include cemetitious material, 
epoxy, and voids. Magnification X400) ♦ 
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was used on almost all of the specimens tested in the arc-plasma jet, whereas 
performance of the 0.5 parts is based on results from only one specimen 
(46-2). This coated specimen was tested in three areas. It survived all 
steady-state and cycling phases of testing with surface temperature of 
3800 and 4000 F in two of the areas* No significant changes were noted 
at 3800 F in stereoraicroscopic examination of the surface or in high- 
power microscopic examination of the mounted section* The only change 
that occurred as a result of the 4000 F test was incipient sintering of 
the ZrO^ on the outer stratum of coating* In the third test, surface 
temperature in the center of the test area (Fig.F-le, area 2 in Appendix 
F) was 4400 F. Because the coating fused on the surface, it was not 
thermally cycled* This particular test is irrelevant to the present 
discussion because the surface temperature was well over the design 
requirement. 

It should also be pointed out that another specimen with this formulation, 
number 58-2, was the only specimen with a coating thickness less than 5 
mils that failed in arc-plasma jet tests. The coating on this specimen 
failed in two areas after nine and seven thermal shocks. Test temperatures 
during the steady-state phase of testing in the two areas were 3850 and 
3815 F, respectively* Microscopic examination after testing indicated 
that failure was caused by poor adherence , so this test should be discounted. 

Fluoride and Water Content 


Water content in slurry formulations varied between 1.3 and 2.0 parts by 
weight water per 10 parts Zr0 2 powder* No apparent difference in coating 
performance due to water content was noted in arc-plasma jet tests. Con- 
sidering the large number of variables in these screening tests, water 
content was considered of minor importance, so that the testing was not 
specifically directed at studying this factor. 

The only noticeable change in HF content (or more correctly, in HF to 
H^PO^ ratio) in slurry formulations was in specimen 40-2* The slurry 
that was used to prepare the specimen did not contain any fluoride in 
the binder solution. The binder was 1.05 parts EL^PO^ per 10,0 parts 
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ZrOg. This coating survived two tests in which surface temperatures were 
3670 and 4000 F. Nothing unusual was observed in posttest examination 
other than that the ZrOg grains were packed closer together. Use of 
fluoride-free hinder solutions was not pursued, however, because of in- 
consistency in coating hardness after curing. One-half of the cured 
coating on the specimen was hard, whereas the other half was soft enough 
to he scraped with a fingernail. Because of this inconsistency in hard- 
ness, slurries without a small amount of fluoride were not used. Testing 
was performed on the half that was hard. 

Adherence 


The coating in many of the specimens that were mounted for microscopic 
examination separated from the Hastelloy-X substrate. This was true of 
coated areas that had, and had not, been tested in the arc-plasma jet. 

These coatings most probably broke away from the substrate when the section 
to be mounted was cut from the larger test coupon. If the coatings had 
been separated from the substrate before testing in the arc-plasma jet, 
they could not have survived any of the tests. Surface temperature would 
have been above the melting temperature of ZrOg even in tests at low heat 
flux levels, because of the high thermal resistance across the gap between 
the coating and the Hastelloy-X substrate. Because all coatings survived, 
separation must have occurred after testing. 

Many adherent fragments of coating were observed on the Hastelloy-X sub- 
strate after coatings broke off (Fig. 12b). This indicated that failure 
was not adhesive, but rather it was cohesive. The coatings broke cohesively 
at the stratum just across the peaks of the roughened Hastelloy-X substrate, 
where the stress was most concentrated and where the coating was weakest. 

Double Coating Layer 

The coating on specimen 54-2 was applied in two operations; i.e. , the first 
layer was cured before the second was applied and cured. The coating failed 
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during arc-plasma tests, but results were not clear. It could not be 
resolved whether the coating spalled during testing because the layers 
separated or because the coating was too thick. Other coatings as thick, 
ca. 7 rails, never survived testing even though they were applied as one 
layer. Microscopic examination did not resolve the question: the two 

layers were indistinguishable in some areas, whereas an interface or gap 
was visible in other areas. 

Tubular Specimen 

A tubular specimen (73-T) was coated with the phosphate-bonded ZrOg coating 
(formulation B45) and tested in the arc-plasma jet. The purpose of this 
test was to gain an indication whether difficulties would arise in applying 
and curing the coating on a convex shape and whether the coating would stay 
on a convex surface during testing. Hastelloy-X tubing was not available, 
so type 347 stainless-steel tubing with a 0.012-inch wall and 0.450-inch 
OD was substituted. The substrate was distorted by grit blasting with -20 
mesh AlgO^. Distortion of the tubing occurred, probably because of the 
comparatively large diameter. Smaller tubing, particularly if it is brazed 
together, such as in a thrust chamber wall, does not ordinarily distort 
when grit blasted. The slurry coating was sprayed on while the tube was 
rotated slowly in a drill chuck. Thickness, which was measured after test- 
ing, varied from 5 to 8 mils. About 40 percent of the coating spalled in 
long, wide strips running axially along the tube after cooling from curing 
at 600 F. The coating that remained was adherent, without visible cracks, 
and satisfactory for arc-plasma testing. Spalling was not unexpected 
because the coating was applied on 347 stainless steel rather than Hastelloy- 
X and the coating was excessively thick. This coating was designed for use 
on Hastelloy-X which has a lower expansion coefficient than the stainless 
steel. 1 

The procedure for arc-plasma testing was the same as it was for flat spe- 
cimens. The specimen was cooled internally with water, and the coated 
area was swung in and out of the arc-plasma jet as usual. The actual test 
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sequence is listed below: 


Amperage 

Duration, 

seconds 

Coating 

Thickness, 

mils 

Surface 
Temperature , 
F 

Comments 

280 

180 

5.0 

3410 

No change 

285 

180 

7.7 

3450 

No change 

305 

180 

6.3 

3700 

No change 


(25 thermal 
shocks) 



No change 


180 



No change 

358 

180 

8.0 

4000 

No change 


( 20 thermal 
shocks) 


(»4000) 

Started 
to melt 


The coating finally melted substantially above 4000 F; it apparently sep- 
arated from the metal first and then melted because it was no longer cooled 
on the back side. 

Although this was a cursory test, it did indicate that the coating system 
can be applied to the outside surface of tubes, and it can survive severe 
thermal shocks on a convex surface. More significant results would be 
expected using Hastelloy-X tubing. 

A significant observation regarding adherence was made on this specimen. 
After testing in the arc-plasma jet, the tubular specimen was heated with, 
an oxyacetylene torch without cooling water flowing on the inside of the 
tube. On cooling, all of the coating spalled except where it had been 
subjected to the arc-plasma jet. The coating in these areas was still 
adherent. Apparently, adherence had been improved under plasma- jet test 
conditions. 

Thick Coatings 

Coatings applied in excess of 5 mils thick, on flat substrates, did not 
survive 25 thermal shocks at elevated temperatures, i.e. , between 3500 
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and 4000 F- Results of several specimens with thick (5 to 10 mils) 
coatings tested early in the program are not reported because the 
coatings cracked and spalled, in some cases, when mounted in the holding 
fixture. The reason for this was that the thick coating crimped when 
the distorted substrates were straightened by clamping in the holder. 
Distortion, as described earlier, was caused by gritblasting. 

Specimen 66-1, on the other hand, was coated and cured while it was 
mounted in the arc-plasma jet test holder. Through this procedure, the 
coating was preserved undamaged after curing. Results were no different, 
however: the coating survived only 12 and 18 thermal shocks at 3600 F 

and 4065 F, respectively. 
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DISQUALIFIED COATING SYSTEMS: RESULTS AND DISCUSSION 


FLUOROSILICIC ACID-BONDED SYSTEMS 


Introduction 


Oxide systems bonded with f luorosilicic acid (H^SiF^) were prime candidates 
in this program because they were reported to be better than oxides bonded 
with phosphoric acid (Ref. 8 and 9). Reasons for being better were (l) 
working time of the slurry before any reactions occurred was longer, and 
(2) coated specimens were found to perform better during thermal tests. 

Of the oxide systems reported, best composition was (by we ight) : 


70 parts ZrO^ 

7 parts Hg-SiFg 
1 part NH^flgPO^ 


The resulting amount of SiO^ by weight would be 1.4 percent. Bars made 
from water-free ram mixes yielded flexural strengths between 700 and 9A0 
psi. NH^H^PO^ was added to retard the bonding reaction rate, as it did 
in systems bonded with H^PO^F. The retarding mechanism was not stated. 


A literature search for identification of the reactions of I^SiFg with 
ZrO^ or other refractory oxides was unsucessful. A search for the char- 
acter and properties of H^SiFg, however, showed that H^SiFg evaporates 
at 105 F without leaving any residue (Ref.io), and this was subsequently 
verified by experiment. 


Because H^SiF^ evaporates without residue, cementitious bonds will not 
form unless it reacts with ZrOg or SiO^ is precipitated. Thus, initial 
studies were pointed at determining the bonding mechanism between ZrO^ 
and HgSiF^. 
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Bonding Studies 


Five slurries were formulated (Table 10). Slurry C7 was the state-of-art 
formulation, C8 was the same hut without the retarding agent, NH^HgPO^, 
and C9 and CIO were the same as C7 and C8, respectively, except that twice 
the amount of H^SiF^ and NH^H^PO^ was added. Slurry Cll contained NH^HgPO^ 
but no HgSiF^. No water was added. Slurries were cast into l/4- by l/ 4— 
by 1-inch bars, and bars of each formulation were cured to 400 F by three 
different heating schedules. 


TABLE 10 


COMPOSITION AND PROPERTIES OF SELECTED ZrOg SYSTEMS 
CONTAINING HgSiFg AND NH 4 fl 2 P0 4 


Slurry 

Identity 

Composition (parts by weight) 

Bulk 
Density , 
g/cc 

Flexural 
Strength 
in 3-Point 
Loading , 
psi 

Weight 

Loss 

(parts by 
weight) 

Zr0 2 

^ Sip 6 

*W°4 

C7 

70 

7 

1 

3.4 

405 

- 

C8 

70 

7 i 

■- 

3.3 

81 

7 

C9 

70 

14 

2 

3.1 

360 

- 

CIO 

70 

14 ‘ 

- 

2.9 

96 

14 

Cll 

70 

- 

2 

- 

371 

- 


Results clearly showed that bonding was not due to HgSiFg but to the 
NH 4 B^P0 4 addition. Bars made from the state-of-the-art formulation (C7) 
had a maximum strength of 405 psi compared to the 900 psi reported in the 
literature. In contrast, bars made from the slurry (C8) with the same 
amount of H^SiF^ but without the phosphate addition, had only a nominal 
maximum strength, 81 psi. The same result was obtained with bars made 
from slurries (C9 and CIO) which contained double the amount of additives. 
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Higher strength was not obtained when the phosphate additive was doubled 
because porosity was high due to the large liquid content and evolution 
of reaction gases. Studies of material composed of formulations C8 and 
CIO showed that total weight loss was equal to the original amount of 

B 2 SiF 6- 

To demonstrate further that H^SiF^ did not contribute to bonding, slurry 
Cll was formulated. This slurry contained NH^H^PO^ and water hut it did 
not contain HgSiFg. Flexural strength of bars made of slurry Cll had the 
same strength as the equivalent slurry formulation containing both I^SiF^ 
and NH^HgPO^. 


Conclusion 


Strength of HgSiF^-bonded ZrOg systems reported in the literature was due, 
not to the H^SiFg, but to a phosphate compound, NH^I^PO^, which was also 
used in the formulation. 


The use of HgSiF^ was discontinued in this program. This is not to mean 
that silica or silicate binders would not be good bonding agents; they 
may well be. However, simply mixing H^SiF^ with a filler material will 
not produce cementitious bonds. Silica would have to be precipitated 
from the HgSiFg solution or added in another form. 


POTASSIUM SILICATE-BONDED ZrO, 


Three formulations of potassium silicate-bonded zirconia slurries were 
initially prepared for evaluation. Before evaluation in the arc-plasma 
jet, l/4- by l/4- by .2-1/2- inch bars were cast in Teflon molds for de- 
termining flexural strength. Composition of the slurries is listed on 
the following page. Slurry D1 is the state-of-the-art formulation 
(Eef. 9). 
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Material 

Slurry D1 , 
g 

Slurry D2, 
g 

Slurry D3, 
g 

ZrOg (—200 mesh blend) 

40.0 

40.0 

40.0 

Kasil No. 1* 

2.0 

2.0 

7.0 

K 3 P0 4 

0.21 

— 

— 

Water 

3.0 

3.0 

— 


^Philadelphia Quartz Co. 

A curing cycle was selected based on suggested curing schedules by the 
vendor and by weight-loss studies. Weight loss was not sensible above 
200 P for these compositions, and the vendor recommended slow heating 
to 210 F and a final cure between 300 and 400 F. Two bars of each 
composition were also heated to 1800 F to determine whether the material 
would be affected by heating above the softening point of the potassium 
silicate binder. The softening point (viscosity = 4 x 10 poise) is 
ca. 1300 F and the flow point (viscosity = 10^ poise) is 1660 F. Results 
are summed below; 


Slurry 

Formulation 

Final Cure 
Temperature , 
F 

Density, 

g/cc 

Modulus of Rupture , 
psi 

D1 

400 

3.4 

1900 

D1 

1800 

3.4 

1615 

D2 

400 

3.3 

698 

D2 

1800 

3*4 

860 

D3 

400 

3*2 

2217 

D3 

1800 

3*3 

2290 


Bars which were formulated without the setting agent, K^PO^, were soft 
on the bottom because the water-soluble binder migrated upward during 
drying. The setting agent was henceforth used, although a phosphate 
compound could be harmful by fluxing the silicate binder phase. Room 
temperature strength values of these materials were adequate and further 
studies, were directed toward improving high- temperature properties. 
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An arc-plasma test specimen was prepared using the state-of-the-art 
formulation (Dl), except that water was added so that the slurry could 
be applied as a uniform, thin coating. The resultant formulation was: 

10 . 0 -g ZrOg 

0.5-g Kasil No. 1 
0.04-g K 3 P0 4 
1 . 36 -g water 

After curing, the coating was weak and porous. Even so, it was tested 
in the arc-plasma jet. Surprisingly, the coating survived a steady-state 
test in which surface temperature was 3650 F, hut it failed instantly on 
the first thermal cycle. Lack of strength was related, evidently, to the 
excess water content added to obtain a usable slurry consistency that 
would be tractable for spray coating equipment. 

Because of this lack of strength in the cured coating, two more formula- 
tions that contained 5 and 10 times the amount of binder of the state- 
of-the-art formulation were prepared. The setting agent was increased 
proportionally, and sufficient water was added to make a thin slurry con- 
sistency. Increasing the binder content by this amount was reasonable, 
because the state-of-the-art formulation only contained 1.45 percent by 
weight of potassium silicate. Slurry compositions were: 


Slurry Identity 

Dl 

D 6 

D5 

Zr 0 2 

10.0 

10.0 

10.0 

Kasil No. 1 

0.5 

2.5 

5.0 

K,P0, 
3 4 

0.04 

0.2 

0.4 


The slurries were applied to metal substrates as thin coatings and cured 
as before, without difficulty. Cured coatings made from slurry Dl again 
were so soft that they could be scraped off with a finger nail. Coatings 
made from slurries D5 and D6, in contrast, were hard and strong. Coating 
thickness was 3 bo 4 mils. 
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Coating performance in ar-plasma jet tests was inconsistent and, in gen- 
eral, poor. Although each specimen that was tested survived at least one 
test out of an average of four, these results were very poor because sur- 
face temperature, and hence heat flux, was very low in each case. Best 
performance was shown by specimen 32-6 which survived 25 thermal shocks 
from 3700 F. However, this same specimen failed three subsequent tests 
at temperatures of 3100 and 3400 F. Highest surface temperature reached 
in all of the tests was 4000 F where the coating fused (specimen 32-2 , 
area 5). All other spe cimens showed poor resistance to thermal shock. 
Table 11 presents a summary of test results and Fig # 13 shows the spec- 
imens after testing. 

Summary 

Potass iuxn-silicate-bonded ZrO^ coating systems were dropped from conten- 
tion ^because performance was much inferior to phosphate-bonded ZrO^ sys- 
tems , and they showed little indication that they could be improved suf- 
ficiently to meet the objectives of this program. 

BARIUM ZIRCONATE SYSTEMS 

Silicate Bonded 


Cementitiously bonded BaZrO^ systems had not been studied previously. 
Because there were no criteria for formulating these systems, the same 
slurry formulations as for ZrO^ systems were used. Formulations for 
silicate-bonded systems were (parts by weight): 


Slurry Identity 

HI 

H2 

H3 

BaZrO^ (Zircoa, -325 mesh) 

10.0 

10.0 

10.0 

Kasil No. 1 

0.5 

2.5 

5-0 

K 3 P °4 

0.04 

0.2 

0.4 


94 




TABLE 11 


ARC-PLASMA TEST RESULTS OF SPECIMENS COATED WITH 
SILICATE-BONDED ZrQ^. A SUMMARY 


Specimen 

Slurry 

Surface Temperature, 
F 

Results 

14 

D1 

3600 

. 

Spalled on first thermal shock 



3600 

Spalled on second thermal shock 

30-1 

D1 

3400 (Hot Spot 3700) 

Survived 25 thermal shocks 



3635 

Survived 25 thermal shocks but 
hot-spot temperature increased 
to 4350 F 



3600 

Spalled on first thermal shock 



3700 *■ 4500 

Spalled on first thermal shock 

30-3 

D1 

3200 

Spalled on first thermal shock 



3350-3450 

Spalled on first thermal shock 



3850 

Spalled on first thermal shock 



4000 

Spalled after 50 seconds of 
steady-state phase of test 

32-2 

D6 

3450 (Hot Spot 3725) 

Survived 25 thermal shocks 



3400-3500 

Spalled on sixth thermal shock 


! 

: 

3500 

Spalled on fourteenth thermal 
shock 


! 

3850 

Spalled on second thermal shock 



4000 

Surface fused; not thermally 
cycled 

32-6 

D6 

2840 

Survived 25 thermal shocks 



3000-3100 

Spalled on seventeenth thermal 
shock 



3200 3400 

Spalled on thirteenth thermal 
shock 



3360 

Spalled on thirteenth thermal 
shock 



36OO ► 3700 

Survived 25 thermal shocks 


= Changed during test 
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TABLE 11 


(Concluded) 


Specimen 

Slurry 

Surface Temperattire , 
F 

Results 

31-1 


3350 

Survived 25 thermal shocks 



3450-3550 

Spalled in one small area during 
thermal cycling; remainder of 
test area survived 25 thermal 
shocks 



3700-3800 

Blistered and spalled during 
steady-state phase of testing 
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Figure 13. Silicate-Bonded ZrO^ Specimens After Arc-Plasma Jet 
Tests (Specimen Size is 1.5 by 4.5 Inches) 
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After enough water was added to make a paint-like consistency, these 
slurries were easily applied as thin coatings by brushing. Curing was 
the same as for silicate-bonded ZrOg coatings. Thickness of coatings 
that were prepared for arc-plasma jet tests was l-l/2 to 4 mils. 

Slurries H2 and H3 resulted in uniform, hard coatings whereas slurry HI 
resulted in a very soft coating. This was consistent with the potassium- 
silicate-bonded ZrO^ systems. 

Results of arc-plasma jet tests (Table 12, Fig. 14) showed that this 
coating system was better than the potassium-silicate-bonded ZrO^ system 
but that it was still much inferior to the phosphate-bonded ZrO^ system. 
Although the coating survived a few tests, coating performance was poor 
and erratic. 


Phosphate Bonded 


Formulations of phosphate-bonded BaZrO^ systems were also based on exper- 


ience with phosphate-bonded ZrO^ systems. Use of HF with the H^PO^ binder 
was not necessary, however. In fact, mixtures of H^PO^ and HF reacted 
violently with BaZrO^. Enough heat was evolved in one case to melt the 
container, a polyethylene beaker. HF additions were eliminated and H^PO^ 
alone produced good bonding. A satisfactory coating was applied to an 
arc-plasma jet test specimen (33) using 2.0 parts by weight H^PO^ per 10 
parts BaZrO^ plus enough water to make a trowelable slurry. Curing cycle 
was the same as for phosphate-bonded ZrO^ systems. Coatings were hard 
but they contained many pit defects. Although of poor quality, this coat- 
ing formulation was tested in the arc-plasma jet. 


Performance in the arc-plasma jet test was poor. The coating failed by 
spalling in every test in which surface temperatures of 3000 to 4000 F 
were reached (Fig. 14 and Table 12). 


98 



TABLE 12 


ARC-PLASMA TEST RESULTS OF SPECIMENS COATED WITH 
CEMENTITIOUSLY BONDED BaZrOy A SUMMARY 


Coating 

System 

Specimen 

No. 

Slurry 

Identity 

Surface 
Temperature , 
F 

Results 

Potassium 

36-1 

H2 

3750 to 3900 

Survived 25 thermal shocks 

Silicate- 

Bonded 



3900 to 4000 

Spalled and melted on forth 
thermal shock 

BaZrO^ 



4000 

Spalled on second thermal 
shock 




3700 

(oxygen was added to the 
test gases.) Spalled on 
tenth thermal shock 

Silicate- 

Bonded 

37-2 

H3 

3400 

Spalled on eighth thermal 
shock 

BaZrO 

j 



3540 

Spalled on sixth thermal shock 




3540 

Spalled on fifteenth thermal 
shock 

j 



3800 

Spalled on fifteenth thermal 
shock 




4000 

Survived 25 thermal shocks 




4000 

Spalled on fifteenth thermal 
shock 

Phosphate- 

Bonded 

BaZrO 

33 

F4 

3600 

3760 

Partial spalling during 25 
thermal shocks 

Spalling gradually increased; 
complete failure after 7 
thermal shocks 




3870 

Spalled on second thermal shock 




3920 

Spalled on forth thermal shock 




4000* 

Temperature increased to 4450; 
specimen was not thermally 
cycled 
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10 


Figure 14. Cementitiously Bonded BaZrO Specimens After Testing in the Arc— Plasma Jet 
(Magnification Xl-l/2) 



Summary 


Use of BaZrO^ as a filler in cementitious ly bonded coating systems was 
discontinued because of the poor quality of resultant coatings and their 
poor performance in arc-plasma jet tests. 

HAFNIA-RICH MIXED OXIDE SYSTEMS 

Monolithic Coatings 

Cementitious ly bonded hafnia-rich mixed oxide (HRMO) systems had not been 
studied previously, so no criterion for formulating coatings existed. 
However, because HRMO material is mostly HfO^ and ZrO^ and both of these 
oxides are the same chemically, formulations were based on experience in 
this program with phosphate-bonded ZrO^ systems. By the time this material 
was evaluated in Task II, experience was that one binder, H^PO^, was super- 
rior to the others that were selected for evaluation. For this reason, 
only phosphate-containing bonding agents were used to prepare cementitious ly 
bonded HRMO systems. 

First, a systematic study was made by preparing 10-gram batches of slurries 
containing selected binder concentrations. Results showed that a small 
amount of HF in the binder solution was required to promote bonding. There- 
fore, binder solution No. 4 was selected for all further studies. Binder 
slurries containing selected amounts of binder solution No. 4 were cast 
into bars and cured using the slow schedule that was used for bars made of 
phosphate-bonded ZrO^. The best formulation was 10.0-g HRMO, 1.1-g BS 
No. 4, plus 1-g water. This formulation was selected as best based on 
hardness, strength, and visual observation. Bars made from this formula- 
tion were hard, yet they were weak. This was contrary to results in the 
phosphate-bonded ZrO^ system where hardness was proportional to strength 
at room temperature. Even though it was weak, this phosphate-bonded HRMO 
material was used to prepare are-plasma jet test specimens. 

Slurries of the above formulation were sprayed on two arc-plasma jet test 
specimens, and both specimens were cured while clamped flat in the test 
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fixtures. This was done so that the specimens would not have to be flexed 
after curing, because all substrates were bowed due to grit blasting. 
Coating thickness averaged 3-1/2 and 4 mils in the two specimens. 


The cured coatings spalled from the substrate, apparently because of low 
strength of the coating material plus a large mismatch in thermal expan- 
sion between the coating and Hastelloy-X substrate. The metal substrate 
has an expansion coefficient almost triple that of the coating. The HRMO 
was accordingly dropped from consideration in this program for a monolithic 
coating design. 

Graded Coating 


Two more specimens were prepared, using the graded coating concept. The 
first layer was phosphate-bonded ZrO^ (B45), while the second (outer) 
layer was phosphate-bonded HRMO. This system represented a progressive 
decrease of thermal expansion across the thickness of the coated system. 
The HRMO material did not spall when it was cured. Average thickness of 
the individual layers was about 3-1/2 to 4 mils, for a total coating 
thickness of about 7 to 8 mils. 

These graded coatings performed poorly in the arc-plasma jet tests. They 
spalled immediately when tested under a high flux condition, and failed 
gradually when tested under low heat flux conditions where surface tem- 
peratures were 3500 F or less at the start of the test. 

Summary 


Use of the phosphate-bonded hafnia-rieh mixture of oxides was not pursued 
because of its poor strength and poor performance in arc-plasma jet tests. 
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THORIA-BASED SYSTEMS 


General 


ThO^-based cementitious ly bonded systems, which were one of the two major 
candidate systems for this program, were reported in the literature to 
have been successfully tested as l/k to 1 inch thick heat shields in oxya- 
cetylene torch tests. These thick layers, which were radiation cooled on 
the back side during testing, survived both steady-state and thermal cy- 
cling tests to 4000 F. Potentially, then, ThO^-based systems could be 
even more attractive than ZrO^-based systems because ThOg is more ther- 
mally and chemically stable and it does not undergo a phase change on 
heating. ThO^-based systems have not been studied and evaluated as ex- 
tensively as ZrOg-based systems, however. Bonding agents previously in- 
vestigated included H^PO^F, potassium silicate, and Th(NO^)^, 


ThOg systems bonded with HgSiF^ and the water-soluble potassium-silicate 
were not evaluated in arc-plasma jet tests, because neither of these bond- 
ing agents showed any promise in previous studies performed in this pro- 
gram on ZrOg-based systems. Two bonding agents thus remained to be evalu- 
ated in this series of tests, Th(NO^)^ and the phosphate binder solution 
that was successful in ZrOg-based systems. 


Thorium Nitrate Binder 


Thorium nitrate was unsatisfactory as a bonding agent. Slurries contain- 
ing 5, 10; 15> and 20 percent by weight of Th(N0^)^ * 41^0 plus enough 
water to yield a pourable slurry consistency were applied on metal sub- 
strates, air dried, and cured slowly to 1000 F. All coatings were soft 
and chalky, and the coatings containing 15- and 20-percent Tl^NO^^^HgO 
cracked and spalled in several areas. 

In situ formation of nitrate bonds was attempted by adding 5 percent by 
weight of concentrated nitric acid to ThOg powder. The mixture was aged 
overnight at room temperature before water was added to yield the desired 
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consistency. The slurry was applied as a thin coating on metal substrates, 
dried at 200 F for 2 hours, and cured by slowly heating to 1000 F. 

Cured coatings did not crack or spall, but strength of the coating and 
adherence to the metal substrate were poor. Coatings bonded with HNO^ 
were only slightly better than those bonded with ThCNO^)^. Based on this 
result, use of nitrates as a bonding agent was abandoned. 


Phosphate Binder 


Although at least one phosphate-bonded ThOg coating system showed much 
promise for fulfilling program objectives, further development of this 
coating system was not pursued. It was not evaluated further because of 
several major disadvantages inherent with ThOg and because of the concur- 
rent, highly successful performance of phosphate-bonded ZrO^ coating 
systems. 


Initial studies of phosphate-bonded ThOg systems were conducted using a 
ThOg powder with very small grain size and very narrow size distribution 
1 to 4 microns (American Potash Co.). H^PO^ an< ^ without HF additions 

was used as the bonding agent, and water was used as the suspension medium. 
Coatings were air dried, then cured by heating slowly to a maximum of 
1000 F. None of these coating systems had sufficient strength or adher- 
ence to metal substrates, and consequently they failed immediately in arc- 
plasma jet tests. 


Because of the poor results in the above study, three different ThOg raw 
materials were next compared in an attempt to develop satisfactory chem- 
ical bonding. Coated specimens were prepared and cured as described 


above. Composition of each slurry was 10.0-g ThO^, 
plus 5-ml water. 


1-ml 85-percent H^PO^ > 


Source of ThO^, hardness of the coating, and adherence to the metal sub- 
strate are shown on the following page. 
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Slurry 

Identity 

Thor i a Powder 

Hardness 

Adherence 

T19 

-325 Mesh, Fused (Cerac) 

Hard 

Fair 

T20 

-325 Mesh, Calcined (Zircoa-f 2274) 

Hardest 

Best 

T21 

1-4 Micron, 99*9 Percent Pure 
(American Potash) 

Soft 

Poor 


The ThOg raw material that produced the best coating (T20) was a -325 
mesh calcined powder. This material was used subsequently in preparing 
specimens for testing the arc-plasma jet. 

Results of arc-plasma jet tests were encouraging but inconclusive. They 
were inconclusive particularly from the standpoint that only three speci- 
mens were tested and two of these had very thin coatings, <2 mils. 

Specimen 59-1 (Table 13 A and Fig. 15a), which had only a j/k-mil thick 
coating, survived all tests in the arc-plasma jet. Test temperatures 
were as high as 4170 F with hot spots to 4450 F. Specimen 59—2 (Table 13 B, 
Fig. 15b), which had only a 1-3/4-mil thick coating, survived all tests 
to 4000 F but failed the last one by burnout from the back (i.e., coolant 
failure). Heat flux through the coated system had to be very high, much 
greater than 20 Btu/in.^-sec , to drive the surface temperature to above 
4000 F in these specimens. This is evidenced by the burnout in the last 
test for specimen 59 - 2 . 

Uniform coating thickness of 3-1/2 mils was difficult to obtain using 
this slurry, because the ThOg settled rapidly during coating operations. 

One satisfactory specimen was prepared with a coating thickness of 3-l/2 
to 4 mils, however, and it was tested in the arc-plasma jet (Table I 3 C, 
Fig. 15c) . Coating performance was considered to be good, although the 
coating spalled at the edge on all but the least severe test. Spalling 
in each case originated at the edge of the coated area where the gasket 
material was located. Interpretation of the reason for spalling is 
complicated by edge effects of the coated surface and by hot spots which 
developed at the edge of the gasket as the specimen was swung in and out 
of the are-plasma jet. 
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True surface temperature in these tests was difficult to estimate. Total 
normal emittance* increases rapidly from .25 at 3000 F to .65 at 3500 F 
(Ref. 10). Data at higher temperaters were not available. Another inter- 
ference with temperature estimation was the formation of many hot spots, 
which appeared and disappeared during testing. Temperature readings in 
the test on specimen 60-1 were unusual because temperature remained at about 
3800 F for each test, even though power input and coating thickness were 
both increased in each new test area. Hot-spot temperature, on the other 
hand, increased to 4550 F in the test area and 5500 F near the gasket. 

The reason for increase in hot-spot temperature (or more accurately, in- 
crease in brightness) is not known, but perhaps hot-spot temperature is 
closer to true temperature in these tests than is 3800 F. If this is 
true, these test results are even more noteworthy. 

Summary 


One formulation of phosphate-bonded ThO^ showed promise, but this system 
was dropped in favor of phosphate-bonded ZrO^ systems because it was still 
inferior to the ZrO^-based coatings and it needed further development. 

Use of ThO^-based systems also offer the disadvantages of hazard from radio- 
activity and toxicity, high cost (at least 10 times that of ZrO^), and 
apparent limitations on reactivity to the bonding agent related to the 
grade of powder used. 


*Spectral emittance at 0.65 microns, which is the wavelength that the 
optical pyrometer detects, was not available 
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TABLE 13 


ARC-PLASMA TEST RESULTS FOR SPECIMENS COATED WITH 
PHOSPHATE-BONDED Th0 o 


A. Arc-Plasma Jet Test Specimen No. 59-1 


Date: 29 July 1968 


Purpose or Special Notes: The coating was very thin. Thus, very high 

heat flux levels were required to drive the surface temperature to 
ca. 4000 F, and resistance to thermal shock would be expected to be 
better than for thicker coatings 

Water Flowrate: 27*5 Ib/min 


Coating 

Test Thickness, 


Amperes 




Surface 

water r Test Temperature , 
F Phase F 



Comments 


The arc was unstable; no data 
collected 

NC^ 1 ) 


NC , except test area appeared 
darker 

Hot spots(4250 F) formed im- 
mediately and then slowly 
disappeared 

Hot spots formed 

Hot spots (4450 F) 

Hot spots formed and then 
slowly (within 10 seconds) 
disappeared 

NC, except two very small hot 
spots formed 


NC, except two very small 
hot spots formed and then 
disappeared 
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B. Arc-Plasma Jet Test Specimen No. 59-2 


Date: 30 July 1968 


Purpose or Special Notes : The coating was very thin (see comments 

for specimen 59-1 ) 


Test 

Area 

Thickness , 
mils 

Amperes 

At , , 

water 

F 

Test 

Phase 

Surface 
Temperature , 
F 

Comments 

1 

1-3/4 

300 

4.5 


3275 

NC 



350 

4.6 


3630 

25 very small hot spots 






- 

NC 






3630 

NC 

2 

1-3/4 

400 

5.3 


3815 

50 very small hot spots 
(4550 F) formed; temperature 
of hot spots decreased to 
4000 F 





B 


NC 






4080 

Temperature increased 

3 

1 - 3/4 

425 

5.7 


4000 

50 hot spots (4700 F) formed; 
hot spot temperature decreased 
to 4175 F 





B 


Hot spots got bright again 

(4700 F) 





111 

4000 

Hot spot (4700 F) 

4 

1 - 3/4 

450 

- 

D 

- 

Spalled 

5 

1 - 3/4 

450 


1 


Burnout occurred at edge of 
gasket 
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C. Arc-Plasma Jet Test Specimen No. 60-1 


Date: 9 August 1968 


Water Flowrate: 27 lb/min 


Test 

Area 

Coating 
Thickness , 
mils 

Amperes 

AT , 
water 

F 

Test 

Phase 

Surface 
Temperature , 
F 

Comments 

i 

3.5 

275 

2.6 

A 

3700 

NC 





B 

- 

NC 





G 

3700 

NC 

2 

3.7 

300 

3.2 

A 

3780 

Hot spots ( 43 OO F) formed in 
10 seconds; and then decreased 
to 4100 F in 2 minutes. 

Spalled at edge as it was swung 
out of the arc-plasma jet 

3 

3.8 

300 

: 

3-4 

A 

3800 

6 hot spots (4100 F) formed 
in 10 seconds 





B 


17 large hot spots formed at 
edge of coated area near the 
gasket. 

NC in test area 

4 

4.6 

325 

3-7 

A 

3930 

Many hot spots (4350 F) all 
over 





B 

- 

Spalled at edge 





C 

3890 

Hot spots ( 435 O to 4500 F) 

5 

4.6 

350 

4.1 

A 

3820 

Edge is 5500 F 





B 


Edges spalled after 13 
thermal shocks 
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CONCLUSIONS AND RECOMMENDATIONS 


CONCLUSIONS 

Accomplishments 

Goals of the program within the scope of Tasks I and II were accomplished. 

A heat-barrier coating system was designed and tested that survived all 

phases of testing in the arc-plasma jet under the reference conditions; 

viz., surface temperatures to at least 4000 F, multiple thermal shocks, 

and severe temperature gradients at a heat flux of approximately 20 Btu/ 

2 

in. -sec. This coating appears capable of reducing the heat flux through 
the thrust chamber walls in the reference engine from 50 to 20 Btu/in. - 
sec, and of reducing the metal surface temperature to below 1600 F. The 
coating system is a cementitious ly bonded material that can be applied by 
slurry coating techniques, and it requires only a 600 F curing treatment 
before service at 4000 F. Inexpensive commercial materials are all that 
are required to prepare the coating and to apply it to small hardware. 

Coating of large hardware appears entirely feasible but was not demonstrated. 

In Task II, a number of cementitiously bonded refractory oxide systems 
which were selected in Task I were modified as necessary and evaluated 
in arc-plasma jet tests that simulated the thermal conditions of a rocket 
engine firing. All appropriate combinations of filler oxides and bonding 
agents were evaluated for potential use as heat-barrier coatings under the 
reference rocket engine conditions. One coating system was developed, 
based on test results, to a point of readiness for further evaluation in 
tests more closely related to an actual rocket engine firing. All other 
candidate material systems were significantly inferior to the one selected. 

Coating System 

The coating system that was developed for further evaluation is phosphate- 
bonded ZrO^. The preferred slurry formulation consists of 10.0 grams, 

-325 mesh, as-received Zr0 2 powder, 1.1 grams binder solution No. 4 (40 
parts by volume of 85~percent RJP0. to 1 part of 60— percent HF) , and 
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about 1.5 grams of distilled water depending on the desired slurry con- 
sistency. Coatings can be readily applied by pour-coating, dipping, spray- 
ing, and even troweling if the water content is lowered. Advantages of 
this slurry coating include: 

1. Low thermal conductivity, similar to that of phosphate-free ZrO^ 

2. Thermal and chemical stability in oxidizing to slightly reducing 
atmospheres 

3. Resistance to thermal shock 

4. Simplicity in slurry preparation 

5. Ease and flexibility in coating application techniques 

6. Ability to coat large or small, inside or outside, regular or 
irregular surfaces 

7. Low-temperature curing (600 F) for use to 4000 F 

8. Low-fcost of coating material and application 

Disqualified Coating Systems 

Coating constituents that were disqualified included the filler oxides 
ThOg, BaZrO^, and a HfO^-rich mixture of oxides, plus the bonding agents 
HgSiFg, potassium silicate, Th(NO^)^, and 

RECOMMENDATIONS 

Final Qualification for Full-Scale Rocket Engine Test 

The phosphate-bonded ZrOg coating system has met all program goals to date , 
but it is still not completely qualified for a full-scale rocket engine 
test. Arc-plasma tests have been a mean ingful and a very severe test 
that has screened one promising coating system from at least eight dif- 
ferent candidate coating systems. Moreover, experimental results have 
shown ways in which the coating system can be modified, under appropriate 
guidance, to give fuller assurance of performance in a full-scale rocket 
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engine. On the other hand, the arc-plasma jet has two major limitations. 

It does not simulate the high shear forces of the combustion gases under 
engine conditions, nor does it heat a large area of coated specimen. High 
shear forces of the gases could affect the performance of the coating con- 
siderably. Sonic and supersonic gases at high pressures could (l) remove 
loosely bonded ZrO^ at the coating surface, (2) get under and spall sec- 
tions of the coating if cracks had formed and if the coating was poorly 
bonded to the thrust chamber wall, ( 3 ) wash the coating down the wall if 
too much glass phase forms in the cementitious material in the higher- 
temperature strata, and (4) possibly increase the effective thermal con- 
ductivity of the coated system enough to reduce its degree of thermal 
protection. The resultant effect of heating larger areas of coated metal 
could lead to a different stress distribution in the coated system. Designs 
that survive small-scale arc-plasma jet tests could be affected differently 
in large areas, requiring design changes to reduce this thermal stress. 

The logical next step in qualifying the coating system for a full-scale 
test is to test it in a small, economical rocket engine simulator. Such 
an engine will simulate effects of high pressure, shear forces, chemistry, 
vibration, stress, as well as thermal conditions produced in a large en- 
gine, but at a very substantial cost saving. At the same time, because 
it is cheaper and more flexible, it will allow evaluation of many import- 
ant coating material and process variables that would not be possible in 
a full-scale test. Optimization of these variables will be essential for 
achieving top reliability of the coating system in any full-scale test or 
actual duty cycle. Such a test and optimization program is recommended. 

Study of the Coating Material System and 
Coating Process 

Bonding and Hydration Control . More studies are required to better under- 
stand chemical bonding reactions. Strongly developed chemical bonds are 
vital to successful coating performance. Development of these bonds must 
be controlled, however, to achieve best coating properties. That is, bonds 
must be set when the ZrO^ grains are most densely packed; they must not be 
allowed to set while water separates the ZrO^ grains. 


113 



Also, premature or side reactions must be prevented in the slurry system 
so that shelf life of the slurry is prolonged and so that less water is 
needed to adequately suspend the ZrOg grains. Presence of less water 
means that the ZrO^ grains will probably be closer together when bonding 
reactions occur. 

Better knowledge of the catalytic role of HF is required to control form- 
ation of phosphate bonds and eliminate hydration reactions. Also, other 
sources of phosphorus in developing phosphate bonding should be explored. 

Advanced Application Methods . Unique methods of applying slurrries to 
thrust chambers may be a solution to existing problems. For example, 
shelf life of the slurry is presently less than 10 minutes. This could 
cause production problems in coating larger thrust chambers where large 
quantities of slurry were needed. One way of eliminating the problem 
would be to apply a binderless ZrO^ suspension to the chamber and dry it 
first. The dried film of ZrOg grains would then be sprayed with the binder 
solution which would saturate the film of ZrOg. Bonds, hence, would form 
after the coating was in place and after ZrOg grains were closely packed. 
Another way would be to provide two slurry feed systems to a mixing tank 
just prior to spraying on the thrust chamber wall. One slurry would be 
the binderless ZrOg suspension and the other would be the binder solution. 
Thus, shelf life of the slurry would be unimportant because the cementitious 
slurry would be mixed as it was being applied. Other potential problems 
to be met by application technology include that of ensuring (and monitor- 
ing) the deposition of a uniform coating thickness, within design limits 
at all points (see further below). 

Different Stabilizing Agents . Use of ZrO^ that is stabilized with oxides 
other than CaO should be investigated. Use of MgO and particularly YgO^- 
stabilized ZrO^ could offer at least one major advantage. These other 
stabilized zirconia powders may not be subject to destabilization by 
phosphates at moderately high temperatures as is the case with CaO- 
stabilized ZrO^. Also, these stabilizing agents are reported to offer 
better resistances to thermal shock under certain conditions. 
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Use of stabilized Hf 0^ rather than ZrO^ should also be explored. The 
melting temperature of HfO^ is higher and the phase change, should it 
destabilize, is slower and occurs at higher temperatures than is the 
case for ZrO^. 

Thickness Control . Methods of accurately controlling thickness of coat- 
ings should be developed. Accurate thickness control of heat-barrier 
coatings is critical to successful performance in rocket engine thrust 
chambers, particularly in the reference thrust chamber where heat flux 
through the chamber wall is at such a high level. In one way this high 
heat flux is an advantage when designing coatings because only very thin 
heat barriers are required. But in another sense, it imposes a stringent 
requirement for coating thickness. Coatings that are too thin, say 3 
mils rather than 3 _ l/2 mils, would be about 14 percent less effective as 
a heat barrier. Allowing 14 percent more heat to the coolant would lead 
to reduced engine efficiency or harmful overheating in another area of 
the engine because of the increase in heat content of the coolant. On 
the other hand, coatings that are too thick will have surface temperature 
and temperature gradients during service that are beyond reliable opera- 
tional limits of the coating. Result of this condition could be complete 
failure of the heat-barrier coating, and failure of the coating would 
mean that heat flux through the chamber wall would increase a disastrous 
150 percent. 

Control of thickness when the slurry is sprayed is largely dependent on 
the experience of the technician. One way in which thickness can be 
controlled accurately and reproducibly , on the other hand, is by dip 
coating in the same way that paint is applied to some automobile bodies. 
In dip-coating processes, thickness can be controlled by knowledge of 
the rheology of the slurry system. Such factors as solid-to-liquid ratio 
nature of the solid particle surface, and use of electrolytes can be used 
to adjust the slurry rheology and, hence , resultant coating thickness. 


115/116 



REF EREN CES 


1. Carpenter, H. W. , "Design and Testing of Protective Coatings for the 
J-2X Film-Coolant Ring," Rocketdyne Research Report No. 66-31 , 

September 1966. 

2. Carpenter, H. W. , "Heat-Barrier Coatings for Rocket Engines," p. 380, 
Summary of the Thirteenth Refractory Composites Working Group Meeting . 
AFML-TR-68-84, May 1968. 

3. Greszczuk, L. B., and H. Leggett, "Development of a System for Pre- 
stressing Brittle Materials /'Douglas Aircraft Corp. Report 92200, 

NASA Contract No. NAS 7-429, August 1967. 

4. Harrison, E. E. , H. A. McKinstry, and F. A. Hummel, "High Temperature 
Zirconium Phosphates," Jour. Amer, Ceramic Soc ., 37 (6) pp 277-80, 1954. 

5. Bremser, A, H. , and J. A. Nelson, "Phosphate Bonding of Zirconia," 

Jour, Amer. Ceramic Soc ., 46 ( 3 ) pp 280-2, 1967. 

6. Bremser, A. H. , "Thermal Decompositions and Phase Identification in 
the ZrO^-CaO-P^O^ System," Ph.D. Thesis, Dept. Ceramic Engineering, 
University of Illinois, Urbana, Illinois, 1967. 

7. Bremser, A. H. , Personal communication 8 May 1968. 

8. Kallup, C., Jr., S. Skalrev, and S. V. Castner , "Application and 
Evaluation of Reinforced Refractory Ceramic Coatings," ML-TRD-64-84 , 
Contract AF33(6l6)-8209, June 1964. 

9. Hummer, D. L. , et al. , "Shielded Ceramic Composite Structure," 
AFML-TR-65-331 , Contract AF 33 (657) -10996, October 1965. 

10. Encyclopedia of Chemical Technology . Vol. 6, p. 726, Interscience 
Encyclopedia, Inc., New York, N. Y. , 1951. 

11. "The Thermal Properties of Twenty-Six Solid Materials to 5000 F or 
Their Destruction Temperatures , " ASD-TDR-62-765, p. 165, January 1963 , 


117 



12 . 


Jen, W. H. , and P. A. Lottas, ANL 4627, 1 May 1957- 

13. McAdams, ¥. H. , Heat Transmission , 3rd Edition, McGraw-Hill, 
p. 392, 1954. 

14. Kreith, F. , Principles of Heat Transfer , 2nd Edition, Internation 
Textbook Co., Scranton, Pa., p. 436, 1967* 


118 



APPENDIX A 


TASK I FINAL REPORT 


PREFACE 

The Task I Final Report, issued as Rocketdyne Report R-7273, dated 
21 November 1967, is reproduced here as originally written. It is pre- 
sented as such because it points out the major problems that had to be 
approached before Task II could be undertaken, and it outlines the logic 
that was used to approach these problems and the information on which 
decisions were based which gave Task II its essential direction. Further- 
more, several coating design features are discussed in it that were not 
developed in Task II, and these features should be preserved in the 
record for reference, should they be needed later when the coating sys- 
tem is tested under the more severe conditions of actual rocket engine 
service or when being redesigned for other applications. 

A few comments in retrospect about the technical discussions in the 
Task I report are appropriate: 

1. It was stated in Task I that monolithic coating designs probably 
would not survive the thermal stresses produced by the arc- 
plasma jet test. This prediction, which was based on elastic 
thermal stress analyses using best estimates for thermal and 
mechanical properties, has been shown in Task II to be over- 
conservative. Certain monolithic coatings survived the arc- 
plasma jet test so well that testing of only one graded coating 
design was attempted. Monolithic coating designs probably sur- 
vived the severe thermal stress conditions better than anticipated 
because (l) their elastic moduli and the micromechanics of their 
response were largely affected by their high porosity, (2) strains 
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were relieved by anelastic and plastic deformation due to the 
presence of phosphate phases in the structure, and (3) coatings 
were thin and supported hy the substrate in a manner not presently 
capable of adequate description for stress analysis. 

2. Because wetting and bonding of the coating to the metal substrate 
had been unsuccessful in past programs, it was predicted in 
Task I that special surface treatment of the metal would he 
mandatory. The principal method recommended was to form a thin 
film of oxide on the metal before applying the coating. But the 
work of Task II showed that phosphate-bonded ZrOg did wet un- 
treated Hastelloy-X surfaces, and satisfactory bonding was ob- 
tained on unoxidized (but roughened) substrates. It was further 
indicated in Task II that chemical bonding between smooth 
Hastelloy-X and phosphate-bonded ZrOg slurry coatings would be 
feasible with additional development. Also, the design feature 
of interposing a layer of glass between the Hastelloy-X sub- 
strate and the cementitious ly bonded coating to promote very 
strong chemical bonding was demonstrated. Although all of the 
adherence studies of Task II were preliminary in nature, it 
appeared that simple preoxidation of the substrate did not pro- 
duce the most effective transition layer between the metal and 
the oxide (or, phosphatic) coating. 

3. Although reinforcements were not required for satisfactory per- 
formance in Task'll, the discussion of reinforcement methods is 
preserved in the Task I report for reference should these be 
required when the phosphate-bonded zirconia coating system is 
evaluated under more severe conditions of test or application. 

4. The design feature of using a strain-accommodation layer between 
the Hastelloy-X substrate and the heat-barrier coating, discussed 
in Task I, was not required to achieve successful coating per- 
formance in Task II. 
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Results of thermal shock tests for evaluating coating adherence 
did demonstrate, however, that this design feature probably has 
merit. Coatings that were applied over a thin layer of glass 
could not be failed when thermally cycled from room temperature 
to 1900 F and back to room temperature under isothermal heating 
conditions. Preliminary work with a flame-sprayed metal under- 
coat also indicated some promise. Although it is not possible 
to sort out causes with precision, it is felt that a part of the 
effect seen in each of these cases was due to strain accommoda- 
tion provided by the underlayer. 
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ABSTRACT 


The results of a theoretical study of cementitiously bonded 
coatings are reported. These coatings are designed for the 
thermal protection of high-performance, liquid hydrogen- 
and oxygen-fueled, regeneratively cooled rocket engines. 

Four filler materials (zirconia, thoria, barium zirconate, 
and a hafnia-rich mixture of oxides) and four bonding agents 
(HgPO^F, H^SiFg, KgSiO^, and Th(NO^)^) were selected for the 
systems to be evaluated in arc-plasma tests during Task II 
of this program. The selection of coating systems and de- 
signs was based on the following: 

1. The state-of-the-art of cementitiously bonded 
materials described in the literature 

2. Steady-state and t reins ient heat transfer analyses 
of a specified, but hypothetical, rocket engine 

3. Steady-state and transient thermal stress analyses 
of the chamber wall-coating system 

4. Important design factors expected to influence the 
performetnce of the coating under service conditions 
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A LITERATURE REVIEW OF HEAT-BABRIER, SLURRY-APPLIED 
COATING SYSTEMS AND DESIGNS 


Although numerous papers and patents relating to slurry coating processes 
have been written, few of them pertain to materials systems for use at 
temperatures above 3000 F. Thus, because high-temperature coatings ap- 
plied by slurry techniques are in their early stages, considerable research 
and development effort will be required to improve these coatings to a 
level of wide applicability in rocket engine environments. A review and 
discussion of the state-of-the-art of slurry coatings for heat harrier 
applications is presented in this chapter. 


ALUMINUM PHOSPHATE COATINGS [NATIONAL BUREAU OF 
STANDARDS, 1959 (REF . 1 )] 


Heat-harrier coatings for type 321 stainless steel were developed in which 
ceramic oxide powders were bonded with monoaluminum phosphate, The oxides 
used included various combinations of CrgO^, AlgO^, asbestos, CeO^, fluor- 
spar, National Bureau of Standards (NBS) frit (powdered glass), mica, and 
talc with and without metal reinforcements. These coatings, which could 
be cured at 400 F, were found to have softening points in the range 2800 
to 3150 F. For several of the better coating systems, measurements were 
made of hardness, moisture resistance, thermal conductivity, thermal ex- 
pansion, density, oxidation resistance, and emittance . 


The slurries were applied to sandblasted type 321 stainless steel by dip- 
ping, spraying, or brushing. Coating thicknesses varied from 1.5 to 200 
mils. The heavier coatings were reinforced with expanded-mesh type SAE 
1020 carbon steel spot-welded to the base metal; 

Thermal shock resistance of the coatings was measured in the following 
manner. Test coupons of coated metal were inserted in a hot furnace at 
a temperature (T ). When the coupon reached the temperature of the furnace, 

S 
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it was removed and cooled in static air or quenched in water. If the 
coating survived this treatment without spalling, the procedure was re^ 
peated up to 10 cycles. The parameter used to compare the thermal shock 
resistance of different coatings was the maximum furnace temperature to 
which the coating could he cycled 10 times from room temperature without 
failure (spalling or flaking). 

None of the coatings survived cycling conditions at furnace temperatures 

above 1400 P, and thick coatings (i.e., 200 mils) were less resistant to 

thermal shock than thin ones. All reinforced coatings cracked and spalled 

from the metal substrate at T^ values of 1200 F and higher, even though 

the reinforcement system remained anchored to the metal at the spot weld 

to T values as high as 1800 F. Thin coatings (l to 3 mils) were resistant 
s 

to thermal shocks at T values as high as 1400 F (200 F higher than the 

s 

thicker coatings). The coatings most resistant to thermal shock contained 

quartz as the predominant filler material . When Al^O^ was used as the 

filler, coatings failed at a T value of 800 F. 

s 


REINFORCED ALUMINA AND ZIRC0NIA COATINGS 
[mARQUARDT CORPORATION, 1957 THROUGH 1962] 

An extensive 5~year program was conducted by Marquardt Corporation on in- 
sulative, slurry coatings, or more descriptively, heat shields. During 
the first and second years of the investigation, a broad approach to the 
field of refractory ceramic materials for use as metal -reinforced coatings 
resulted in the elimination of many inferior compositions and the selection 
of a limited number of promising ceramic materials for further investiga- 
tion. During the third year (Ref. 2 ), a phosphate-bonded alumina coating 
that was reinforced with corrugated strips of stainless steel was developed 
to successfully withstand temperatures to 3500 F. In the fourth year 
(Ref. 3 ), reinforced coatings containing zirconia instead of alumina 1 were 
developed to withstand temperatures above 4000 F. After considering a 
variety of binder candidates, the best coating, based on thermal shock 
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studies, was found to be a metal-reinforced coating of zirconia bonded by 
monof 1 uorophosphoric acid. The development of zirconia coatings was ex- 
tended in the fifth year by evaluating more binders and reinforcement 
systems (Ref. 4 ). Hydrof luosilicic acid was determined to be equal,. if 
not superior to. monof luorophosphoric acid, for bonding zirconia. The use 
of refractory metal reinforcements was not possible because of oxidation. 
Neither the coatings developed during these programs nor conventional oxi- 
dation protective coatings afforded sufficient protection from oxidation. 
Therefore, reinforcements were fabricated from a conventional stainless- 
steel allot', and submerged in the insulative coating for thermal protection. 

The thermal shock test for evaluating the coatings throughout the research 
effort, which was called a "thermal drop" test, consisted of a large oxy- 
acetylene torch that heated the coated surface of a suspended test panel. 
Approximately 1 minute was required to reach equilibrium temperature, and 
the specimen was only cooled by radiation from the back face of the panel . 
The temperature of the surface exposed to the flame was measured with an 
optical pyrometer, while the back surface temperature was measured with 
a thermocouple. The difference between the temperature of the front and 
back face was defined as the "thermal drop." Generally, the specimen was 
heated in such a manner that the front surface reached a preselected tem- 
perature. After a steady-state condition was attained, the test cycle was 
completed either by allowing the specimen to air cool or by quenching it 
in a blast of cool air. Then, after the specimen cooled to room tempera- 
ture, it was recycled. The specimen was cycled until failure of the coat- 
ing became visually apparent. At steady-state heating, temperature gradi- 
ents were in the range 6 to 12 P/mi'l of coating thickness, and during any 
of the tests the maximum heat flux was only 3.2 Btu/in.^-sec . 

The earlier work on alumina coatings involved studies on improving phos- 
phoric acid-bonded systems. Although the orthophosphoric acid strongly 
bonded the alumina composite, a major problem was that the acid attacked 
the metal substrate and caused bloating in the coating because of the 
evolution of hydrogen gas. The problem of bloating in the coating was 


A- 14 



reduced by using an acid inhibitor (Euthane No. 11).. One of the better 
slurry coatings, designated P-150, contained 50 percent (by weight) -48 
mesh, 25 percent -325 mesh, and 20 percent -600 mesh alumina powder (Alcoa 
T6l grade), 2 percent magnesium trisilicate, 3 percent Bed Label clay 
(Ferro Corporation), 11 percent of 85 percent H^PO^, and 8 percent water. 
Coating P-1 50 sustained four cycles in the thermal drop test at a test 
temperature of 2680 F on the surface exposed to the flame. Although fine 
cracks developed in the coating after the first cycle, the coating remained 
intact during the following three cycles. 

Successful zirconia coatings were developed, but only after an extensive 
evaluation of a wide variety of binder-filler systems. Binders that were 
studied included orthophosphoric acid, monofluorophosphoric acid, hexa- 
fluorophosphoric acid, combinations of dolomite and calcium hydroxide, 
f luosulphonic acid, hydrofluosilicic acid, various mixtures of these acids, 
magnesium zirconate, calcium zirconate, and magnesium zirconium silicate 
with ammonium dihydrogen phosphate. 

The best binders for zirconia systems were monofluorophosphoric acid and 
hydrofluosilicic acid, and the best coating system consisted of 40 parts 
of -30 mesh ZrOg, 30 parts of -325 mesh ZrOg, 1 part NH^H^PO^ , and either 
5 parts of HgPO^F with 2 parts water or 2 parts HgSiFg with 4 parts water. 
The presence of NH^HgPO^ apparently improved the workable life of the 
slurry. Coatings were troweled as a paste onto N-155 alloy sheets (40 
mils thick) with type 321 stainless-steel corrugated reinforcements spot- 
welded to the substrate. Coating thicknesses were approximately 0.29 inch 
(280 mils) . 

The best monofluorophosphoric and hydrofluosilicic acid-bonded coatings 
survived one cycle (5-minute run time) in the thermal drop test with a 
front-face temperature of approximately 4000 F. No cracks were observed 
but a slight glaze formed on the front surface. No attempts were made 
to thermally cycle these coatings. 
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REINFORCED THORIA COATINGS FOR TUNGSTEN 
[SOLAR, 1964 (REF. 5 )] 


A heat barrier coating, developed for the ASSET glide re-entry vehicle, 
was designed to reduce the temperature and to reduce the oxidation of a 
tungsten substrate in an oxidizing, low-pressure environment. The only 
cooling was by radiation. Screening tests and final ground tests on this 
heat- shield system were performed under the following conditions: 

1. Heat flux levels between 1 and 4.3 Btu/in.^-sec 

2. Coating surface temperatures between 4000 and 5000 F 

3. Test duration of less than 10 minutes 

4. Temperature drop across the coating thickness of less than 1000 F 

5. Coating thicknesses between 0.2 and 0.3 inch 


ThOg was selected early in the program over ZrO^ and HfO^ as the matrix 


coating material based primarily on two factors: (1) state-of-the-art 

arc-plasma sprayed coatings of ZrOg on tungsten performed better than coat- 
ings of ThOg and HfO^ in oxidation protection tests, (2) state-of-the-art 
slurry coatings of ThOg performed better than coatings of ZrOg and HfOg 
during thermal shock tests. 


Various bonding agents for ThO^ that were studied during this program in- 
cluded colloidal ThOg, phosphoric acid, an organo-zirconium compound, and 
Th(N0 3 ) 4 . Of these, Th(N0 3 ) 4 was selected as best because the nitrate 
radical decomposed and volatilized, so that no eutectic compositions could 
be formed, as they were when other binders were used. Thorium nitrate 
provided low-temperature strength for the coating system, but high-temperature 
strength was developed by sintering of the powdered ThO^ rather than by 
chemical reaction with the bonding agent because the nitrate decomposed 
and volatilized at temperatures far below the use temperature. Thus, proper 
sizing of the ThOg powders was essential to reduce shrinkage and to increase 
the final density which was proportional to strength. Mixtures of different 
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size fractions of ThO^, bonded by from 5 to 10 weight percent Tl^NO^)^ 
shrunk linearly less than 1 percent when heated at approximately 4300 F. 

Because no bond was developed between the substrate and the coating, re- 
inforcements were essential to maintain the coating. The best reinforce- 
ments were (l) sine-wave -shaped tungsten ribbons that were spot welded on 
the tungsten substrate with tungsten wire coils wound through the tungsten 
ribbons, or (2) a tungsten mesh held to the substrate by tungsten pins. 
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REVIEW OF CEMENTITIOUS BONDING IN CERAMICS 
THE CEMENTITIOUS BOND 

A cement can be defined (Ref. 6 ), as a bonding material that forms by re- 
action and that imparts strength to an aggregate in which the bonding 
material is present in minor proportions. For the purpose of this program, 
only cements that set by chemical reaction and that bond ceramic materials 
are of interest. Specifically, individual cements discussed in the latter 
part of this section are bonding agents for those filler materials con- 
sidered to be appropriate for the present heat-barrier coating program. 

In cementitious bonding processes, powdered ceramic material (the "filler") 
is mixed' and reacted ("cured") with a liquid phase (the "binder system"*). 
The reaction occurs at a relatively low temperature, always below 1800 F, 
usually below 1200 F, and occasionally at room temperature. During curing, 
individual particles of the filler become cemented together at locations 
of contact as a result of the formation of cementitious material on the 
particle surface. 

For the most part, cementitious chemical reactions can be grouped into two 
general types of reactions, illustrated in Fig. 1. Figure la illustrates 
the formation of a cement, referred to as Type I, that contains constitu- 
ents that originate from the liquid phase only; the filler C is not a 
reactant. Type I cements form by a reaction where chemical species in 
the fluid phase combine at the surface of the ceramic particle to form 
a precipitated product, or where sols or colloidal particles in the liquid 
phase precipitate on the particle surface. The reactants may, or may not, 
include the carrier fluid (e g . , water) An example of a reaction where 
a Type I cement is formed is: 

n [Si(0H) 4 ] ~[Si0(0H) 2 ] n + nHgO 

Reactant in solution Cement 

*A binder system is a solution, usually aqueous, containing some or all 
of the reactants that form the cement. 
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Type II cements (Fig. lb) are more common than those of Type I. A well- 
known example of a Type II reaction is the one between phosphoric acid and 
certain metal oxides: 


MO + H 3 ?0 4 -M(HP0 4 ) + HgO 

Filler Acid Cement 

To be considered a cement, the reaction product must produce a strong 
bridge between the filler particles. That is, both the cohesive strength 
of the cement and the adhesive strength of the cement to the filler material 
must be sufficient to impart reasonable strength to the overall aggregate. 
With rare exceptions, cements are comprised of glass-forming components. 
Wygant (Ref. 6 ) has suggested that a random structure is a practical neces- 
sity for cements. Crystalline materials do not easily form dense, homoge- 
neous structures when deposited by reaction because the crystal growth 
habit tends to produce porous structures. Random strucures, however, more 
easily form dense materials because growth is random and relatively un- 
affected by impurities and nonstoichiometry. Also, many residual force 
fields exist in a random structure which contribute to the adhesive bond. 


IMPORTANT FABRICATION CONSIDERATIONS 


General 


Regardless of the type of binder used, the procedures for most cementitious 
processes are similar. The filler material is carefully sized, and suit- 
able quantities of the size fractions necessary to yield the desired pack- 
ing density are blended. The filler is then mixed with the liquid con- 
taining the cement and whatever additives that may be required (e.g., 
reaction retardants, mold release agents, lubricants, wetting agents, etc). 
The consistency of the mixture is adjusted by dilution or by electrolytes 
to provide the necessary properties for the forming process. Care must 
be exercised in those cases where the quantity of diluent used may affect 
the properties of the product. Excessive diluent can result in excessive 
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porosity. The suspension is then formed into shape by pressing, casting, 
molding or troweling, and in the case of coatings, the suspension (called 
"slipf' or "slurry") is sprayed, troweled, dip-coated, or pour-coated on 
the substrate. The body or coating is then air dried to develop sufficient 
strength for handling. A few bonding agents cure completely at room tem- 
perature, but the majority require a curing operation at a moderately 
elevated temperature which is never above 1800 F (980 C) and generally 
much lower. The time-temperature relationship during the curing operation 
can be critical in promoting a bond having optimum properties, in con- 
trolling residual stresses and in preventing bloating. The curing cycle 
should be adjusted to provide maximum strength of the aggregate, but even 
when maximum strength is achieved, the temperature at which the bonds 
"set" can be important with respect to residual strains. For example, a 
lattice that is chemically formed at 900 F (480 C) will result in less 
residual strain when cooled to room temperature, than the same lattice 
that is formed at 1800 F (980 C) and similarly cooled. 


Strength 

The strength of the cemented aggregate depends in part on the number of 
cemented particle-to-particle contact points per unit volume which in- 
creases with increasing packing density. The strength of the aggregate 
also depends on the bulk density because a dense solid is usually stronger 
than a porous one. Thus, to obtain maximum strength, the particles must 
be sized to provide maximum packing efficiency and sufficient cement must 
be used to just fill the voids. 

Packing of the filler material will be close to maximum if a trimodal 
particle size distribution is used with the mean particle sizes of the 
modes approximately an order of magnitude apart. Usually very little 
is gained by using more than three fractions of particle size ranges. 
However, if permeability is desired in the finished product, particles 
are sized to pack more loosely and only that amount of cement is used 
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that is necessary to bond the particles together at their points of con- 
tact. Articles made from filler powders having narrow particle size dis- 
tributions usually will have a void volume of approximately 50 percent, 
whereas those made from powders having size distributions that give ef- 
ficient packing will have a void volume of approximately 70 percent. 

Strength is also dependent on the ratio of cement to filler material. 
Sufficient cement must be present to weld together the contact points be- 
tween filler particles. Generally, the strength can be improved further 
if sufficient cement is available to completely fill the pores in a densely- 
packed blend of powders. Care must be taken, however, that an excess amount 
of cement is not used because the excess may have a detrimental effect on 
strength as well as other properties of the aggregate by preventing the 
powders from becoming densely packed, thereby forming a weak matrix. 


Rheology 

The rheological characteristics of the slurry are important in forming the 
aggregate before curing. The viscosity of the slurry must be appropriate 
for the forming method. It must have the viscosity of paint (approximately 
2.0 poise or less) if it is to be sprayed or brushed, of it must have a 
somewhat thicker consistency if it is to be trowelled. The powder also 
must have a slow settling rate so that uniformly dispersed slurries can 
be retained during the forming process. Preferably, the powder should 
not settle appreciably within 8 hours, or one working day, and certainly 
they should not settle appreciably within 1 hour, or whatever time would 
be required to coat the hardware, such as a thrust chamber. 

The rheology of slurries is not a simple function of either the fluid or 
the ratio of the components. Rather, it depends on complex physicochemical 
processes.* Chemical aspects of the rheology of aqueous slurries involve 
the properties of the interface between the liquid and the solid phases. 

The surface of the solid absorbs ions from solution to produce an electric 

^Excellent reviews on the rheology of oxide suspensions (Ref. 7 and 8) 
exist; therefore, only a brief discussion is presented in this report. 



charge (i.e., an electric double layer), the nature of which depends on 
the chemistry of the aqueous phase. The type of interactions that occur 
between individual particles depends extensively on the nature of the 
electrical double layers and, consequently, on the solution chemistry. 

To form a stable suspension (one in which the particles do not separate 
from the fluid matrix at a sensible rate because of gravity), the individual 
filler particles must be very small and must not flocculate. In water base 
suspensions of oxide powders, suspension stability is a function of pH. 

At a certain pH, called the Zero-Point-of-Charge (ZPC), the particles 
contain no electric charge. The value of the ZPC depends on the specific 
oxide involved. At pH values above and be,low the ZPC, the oxide has a 
surface charge because of the electrochemical nature of the system. At 
pH values below the ZPC (acidic side) the oxide is positively charged 
and at pH values above the ZPC (basic side) the oxide is negatively 
charged. At the ZPC, oxide particles tend to flocculate because of the 
absence of electric forces that tend to maintain their separation. Thus, 
the suspension is unstable at the ZPC and is not suitable for slurry 
coating methods. For example, the ZPC for AlgO^ and ZrO^ occurs at pH 
values of 8 and 4, respectively (Ref. 9 )• Acid solutions, except at the 
ZPC, create positively charged surfaces on oxides that lead to defloccula- 
tion and stable suspensions. 

Also, the viscosity of the slurry depends on the interaction of individual 
particles, and, consequently, on the chemistry of the liquid phase. The 
effect of ions and of pH on viscosity is, at present, not well understood. 
Conflicting theories are evident in the literature (Ref. 8 ). Additional 
complications arise because behavior such as dilatancy and thixotropy are 
frequently encountered. 
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Setting Rate 


The rate at which the cementing material reacts with the filler is another 
important consideration. Time must be available, after the cement and 
filler are combined, for adequate mixing and for the handling required 
to apply the slurry to a substrate. Reactions with gaseous products cause 
bloating when the reaction is too rapid to allow the gases to escape harm- 
lessly* and furthermore, excessively rapid exothermic reactions cause 
localized temperature increases that can lead to deformation of the art- 
icle during curing and to undesirable residual stresses in the final 
product. Hence, reaction retarding additives and/or special techniques 
are often required to control the reaction rate. 


Thermal Expansion 

Thermal expansion properties of the cement and filler are also important, 
especially if the product is intended for high-temperature service. If 
the mismatch in thermal expansion coefficients is too great, the mismatch 
will cause stresses in the aggregate during heating and/or cooling suf- 
ficiently to cause cracking and failure. However, differences in the 
thermal expansion properties of the cement and filler could be used to 
advantage in some instances. For example, if thermal expansion differences 
can be used to place residual compressive stresses in the surface regions 
of a body, its strength will be enhanced. 

Sometimes, cementitiously bonded structures are made with the supposition 
that the cement will serve only to hold the filler material together until 
it is bonded by sintering processes during actual service. In these cases, 
it is particularly important that measures be taken to minimize the shrink- 
age that will occur during the in-service sintering. 
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PROPERTIES OF CEMENTITIOUSLY BONDED CERAMICS IN GENERAL 


Materials produced by cementitiously bonded slurry methods generally 
have certain features in common. First, the grains in the aggregate have 
essentially the same size distribution and shapes as those of the starting 
grains. Little or no reaction that would alter particle size or shape 
occurs during processing. Secondly, there is a binder phase. It may or 
may not fill the interstices of the aggregate particles, depending on the 
specific case. In the strongest cementitiously bonded ceramics, the binder 
will just fill essentially all the void space and form a continuous matrix. 
Thirdly, while strength at ordinary temperatures may be affected consider- 
ably by the properties of the ceramic filler, high-temperature strength 
and dimensional stability are almost always determined by the character 
of the cement and the cement-filler bond. This is true unless sintering 
occurs during use at high temperatures to convert the cementitious bond 
to the more stable sintered bond. Fourthly, the thermal stability of the 
cement (which is invariably much less than that of the filler material) 
will limit the maximum use temperature of the material unless some re- 
action occurs to convert the cement into a substance at least as refrac- 
tory as the filler ceramic. 

Data concerning the properties of the cementitiously bonded materials 
described in the literature are in general inadequate; and, in many cases 
when property data are presented, the process and composition of the test 
specimens are not adequately characterized. In general, optimizing any 
cementitious bonding process is an engineering problem involving mixture 
ratios, curing cycles, mixing methods, reaction-controlling methods, etc. 
Thus, the making and using of cementitiously bonded materials is to a 
large extent an "art." This should be considered when evaluating and com- 
paring property data in the literature. 
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Density 


Density is controlled by the packing density of the ceramic filler and 
the quantity of binder in the system. Densities in excess of 80 percent 
theoretical are difficult to obtain under ordinary conditions when small 
amounts of cement are used. The binder may fill pore volume to some ex- 
tent, but it also must separate the centers of the particles to some ex- 
tent to bond them together. However, when large amounts of cement (20 
to 40 percent of the volume) are used to form a skeletal matrix, higher 
densities are achievable. Porosities as low as 1 percent have been re- 
ported (Ref. 10 and 11 ). 


Mechanical Strength 

High mechanical strength is sacrificed in cementitiously bonded hardware 
for the processing advantages associated with the slurry fabrication 
technique. Typical strength values reported in the literature are shown 
in Table 1. 

Limited data on strength as a function of temperature are available and 
there is no general rule for temperature dependency because strength will 
depend on the thermal , chemical , and mechanical stability of the binder 
and on the proportion of binder in the aggregate. Figure 2 shows the 
effect of temperature on the strength of phosphate-bonded-zirconia bodies. 

Strength can be improved by incorporating a reinforcement in the body. 

This technique has been used to increase strength and thermal shock re- 
sistance for slurry-type heat-barrier coatings (Ref. 5 and 12) and radomes 
(Ref. 13 through 15 ). Modulus of rupture values for reinforced, phosphate- 
bonded alumina radomes are as high as 30,000 psi. Reinforcement materials 
that have been used are silicon carbide and alumina fibers, superalloy 
and refractory alloy wires, honeycomb structures, and meshes. 
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TABLE 1 



Maximum 

Strength 

Value, 

psi 

Type of 
Test 

Material 

Bonding 

Agent 

Reference 

1,150 

morU^) 

Th0 2 

Th(N0 3 ) 4 

5 

2,000 

MOR 

Zr0 2 • 

Phosphate 

16 


MOR^ 

(unstabilized) 



3,600 

Zr0 2 

Phosphate 

16 



(stabilized) 



8,000 

Compression 

Zr0 2 

Phosphate 

17 

4,300 

MOR 

Al rt 0_ 

2 3 

Phosphate 

51 


' 'MOR = Modulus of rupture 

( 9 ) 

v 'Number of loading points were not stated 

(3) 

w/ Three-point loading 
^ASTM C-133-49 (1952) 
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MODULUS OF RUPTURE, PS I MODULUS OF RUPTURE, PS I 



SLUMPED 


CALC I A STABILIZED ZrO„ 



UNSTAB I L I ZED ZrO, 


BRITTLE 

FRACTURE 


TEMPERATURE, C 

Figure 2 . Modulus of Rupture of (a) Pho sphate-Bonded 

Caleia-stabilized Zirconia, and (B) Phosphate 
Bonded Unstabilized Zirconia As A Function of 
Temperature. Lines Indicate Data Spread and 
Open Circles Give Average Strength Value. 
(Modulus of rupture determined by loading 
the center of a 5-inch span) 





Thermal Stability 

Thermal stability of a cementitiously bonded aggregate depends principally 
on two factors: (l) the melting point of the filler material, and (2) 

the type and amount of binder. The limit of the use temperature can be 
predicted by an analysis of phase diagrams and a knowledge of use con- 
ditions , Interpretation of phase diagrams can be used to determine tem- 
peratures where eutectics will form and it can be used as an aid to 
determine where glassy phases will form. In general, phosphate-bonded 
alumina and zirconia materials are the most refractory and these are 
limited to continuous use temperatures of less than 2500 and 3500 F, re- 
spectively. Use temperature can be raised in some systems by using fugi- 
tive binders that do not flux the oxide filler. High-temperature strength 
is produced by in situ sintering in these cases. 


Thermal Shock Resistance 


Thermal shock resistance of cementitiously bonded materials is usually 
inferior to ceramics produced by sintering because of the low strength 
and low thermal conductivity of the porous structures. 
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FACTORS INFLUENCING THE PERFORMANCE OF SLURRY-TYPE 
HEAT-BARRIER COATING SYSTEMS 


THERMAL ANALYSES 
Introduction 

Before a coating system can be designed, the thermal conditions under which 
it will be used must be known. If the exposed surface of the coating must 
withstand temperatures in excess of 4000 F, for example, the requirements 
which the coating must meet are substantially different from those which 
must be met by a coating which is never to be exposed to temperatures in 
excess of 3000 F. Such facts impose important constraints upon the selection 
of materials for any coating system. If the coating has a large temperature 
gradient, the coating must be designed carefully to accommodate for thermal 
stresses. Thus, the object of thermal analyses in this program is to 
determine service thermal conditions for the heat-barrier coating that 
are required to accomplish the program goals. These analyses include 
both steady-state and transient conditions. 

An adequate thermal analysis of the heat-barrier coating system can be 
conducted by utilizing a theoretical model based on a one-dimensional 
analysis. The coating-metal system is assumed to be flat, infinite in 
length and width, homogeneous along the plane of the system, and the net 
heat flow occurs only along a direction perpendicular to the plane of the 
system. A gas boundary layer exists at the hot side of the coating and 
on the cold, side between the metal and the bulk coolant (Fig, 3 ). For 
this program, the flame temperature is 6000 F and the bulk coolant tem- 
perature varies between -410 and 40 F. An intermediate value of -200 F 

was used for the coolant temperature in the following calculations. The 

/ 2 

steady-state heat flux Q is to be by design no more than 20 Btu/in. -sec. 
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Required Thermal Resistance for the Coating 


A specific, or at least a minimum, design thermal resistance for a heat- 
barrier coating applied on the inside of a metal chamber wall is required 
to reduce heat flux through the wall and to reduce metal wall temperatures 
to within the design limits. The required resistance of the coating can 
be calculated by considering the entire system. The effective total re- 
sistance, R, , of the overall system with a steady-state heat flux of 
/ 2 “ 

20 Btu/in. -sec is given by 

_ _ AT 6 200 F 

K t Q 20 Btu/in. ^-sec 

= 310 in.^-sec-F/Btu 


Because the theoretical model is a series of thermal resistances, the 
total resistance of the system is’ the sum of the individual resistance 
values. These resistances are (l) R^, for the hot-gas boundary layer, 
(2) R c , for the coating, (3) ® cm > for the interface between the coating 
and the metal substrate, (4) R , for the metal substrate, and ( 5 ) R q , 
for the boundary layer between the metal and the coolant, so that 


R , = R + R + R +R+R 
t g c cm m 0 


( 1 ) 


The resistance of the hot-gas boundary layer., R^, is 100 in. -sec-F/Btu 
for the system under consideration. This value is implied from the orig- 
inal information (Ref. 18) that the gas side surface temperature of the 

F when 1 

- 100 ). 


coating will be in the range of 4000 F when the steady-state flux is 
2 AT _ 6000-4000 


20 Btu/in. -sec (R^ - — v — gg 


The resistance of the cold wall boundary layer, R q , was estimated to be 
small, approximately 10 in. ^-sec-F/Btu, based on calculations made pre- 
viously at Rocketdyne on similar, high-performance engines. This esti- 
mate is satisfactory because the absolute value is small compared with 
the other values for thermal resistance in the system. 


A- 32 



The resistance of the metal wall, R , depends on the thermal conductivity, 
k, of the metal and on the wall thickness. For many structural metals, 
such as Hastelloy-X, k is approximately 2.5 x 10 Btu/in.-sec F. A wall 
thickness of 15 x 10 inches is a satisfactory thickness for design 
purposes in rocket engines (Ref. 19) • Thus, the thermal resistance, 
which is the ratio of the thickness to the thermal conductivity, is equal 
to 60 in.^-sec-F/Btu. 


The resistance of the coating-metal interface R , depends on the effi— 

cm 

ciency of contact between the two phases. This resistance cannot be cal- 
culated theoretically, but is believed to he very small in most cases; 
consequently, R cm shall he considered as being negligible. 

The resistance of the coating, R , can be calculated from Eq. 1 because 

c 

R^ and all other resistances are known, thus 


R 


c 



- R - R 


cm m 


R 

o 


- 310 - 100 - 0 - 60 - 10 
R^ = 140 in.^-sec-F/Btu 

In the following paragraphs, it will he shown that coating designs having 
a fixed resistance, viz., 140 in.^-sec-F/Btu, can have different thick- 
nesses, depending on the magnitude of the thermal conductivity parameters 
of the coating materials. 


Temperature Distribution and Coating Thickness for a 
Homogeneous Coating When k is Independent of Temperature 

When the coating is a homogeneous material and, for simplicity, when the 

thermal conductivity of the material, k, is independent of temperature, 

the thermal resistance of the coating, R , is related directly to its 

c 

thickness, t c 

t = kR 
c c 
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Thus, for a fixed resistance (e.g., 140 in.^-sec-F/Btu), the thickness 

of the required coating is directly proportional to its conductivity. 

As an example, if the conductivity of the coating is between 2 and 5 x 

10 Btu/in.-sec-P, which is typical for many insulative ceramics, a 

-3 -3 

coating thickness of 3 x 10 to 7 x 10 inches is required. 

The temperature distribution across the coated system is shown in Fig. 4. 
The temperature of the coating surface is 4000 F, and the temperature of 
the coating-metal interface is 1200 F, which is 400 F within the design 
requirement. The temperature drop, for this case, is linear through the 
coating and the metal . 


Coating Thickness for a Homogeneous Coating 
When k Varies With Temperature 

If the thermal conductivity k(T) for a homogeneous coating is temperature 
dependent, the thickness is given by 

t = R E 
c c 


and 



k(T) dT 


where k = average thermal conductivity, T - surface temperature and 

s 

= metal -coating interface temperature. The solution to the integral 
is generally easy when the function k(T) is known. For the materials 
used in this program, the scatter is so great in the limited thermal con- 
ductivity data available that a precise calculation is not possible. 
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THERMAL CONDUCTANCE IS ASSUMED TO 
BE INDEPENDENT OF TEMPERATURE 


2 COATING 

£ 4000 - SURFACE 

i wuu MUST BE 
H 4000 F - 


DISTANCE (CROSS-SECTION OF CHAMBER WALL) 


Figure 4 . Steady-State Temperature Distribution 
Across Metal-Coating System 
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Coating Thickness for Graded Coatings 


For graded coatings, where k(z) is the conductivity as a function of 
position through the coating and it is assumed to be temperature 
independent , 



The thickness required can be obtained by a graphical solution if the 

function k(z) is known. 

The case in which k varies across the thickness of the coating as a function 
of composition and also of temperature, need not be resolved for the pur- 
poses of this program. One reason is that the effect of temperature on k 
can be neglected for materials selected for this program because the data 
scatter of the limited available data is greater than the effect of tem- 
perature on k. And most importantly, the effect of composition is far 
more significant. Whereas k might change less than 1 unit over the spec- 
ified temperature range (for example, k for zirconia varies between 
1.8 x 10~ 5 and 2.5 x 10"" 5 Btu/in . -sec-F from 1200 to 4000 F; Ref.,20), k 
will change one or two orders of magnitude across the graded coating 
thickness because of compositional change (for example, k for zirconia 

pj I 

is 2 x 10 Btu/in. -sec-F while k for Hastelloy-X is 4 x 10 Btu/in. -sec-F.) 


Temperature Distribution for Transient Conditions 

An analysis was conducted to determine the temperature response of a 
ceramic-coated thin-walled Hastelloy-X tube. It was assumed that the flow 
of heat from the gas-side to the coolant-side could be represented by a 
one-dimensional model . 

The computer program which was used to make this analysis utilizes a finite 
difference approach to solve the transient conduction equations. The geometry 




is divided into’ small elemental volumes that are designated as nodes. An 
elemental mass corresponds to each node so that each element is capable of 
absorbing heat to raise itB temperature. A temperature (T) is associated 
with each node, which is generally located at the center of the node. Heat 
is conducted between nodes by heat flow paths which incorporate the material 
resistance to the flow and the resistance associated with the heat transfer 
to a surface by convection or radiation. The heat flow network is formed 
by nodes and the interconnecting heat flow paths. A typical network is 
as follows: 



MATERIAL DIVIDED 
INTO ELEMENTS 



The heat flow network is directly analogous to an electrical network, 
both physically and mathematically, where temperature is analogous to 
the rate of heat flow, and thermal capacitance and resistance are similar 
to electrical capacitance and resistance. 

The program computes the temperature at all nodes at each time (i.e. , 0 ) 
increment. The partial differential equation describing the transient 
equation is: 

ii [** I!] 
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The numerical solution of the preceding equation is: 


T. (r + A 0) = T. (0) + ^ 


T - K - 
i J 1 


T. (0) - 


To ensure convergence, the convergence criterion 


T. («)] 


+ «J <«> 


atS 


£ .K. 
1 3 1 


must he satisfied. 


Figure 5 shows the wall temperature response for the ceramic coated, 
thin-walled Hastelloy-X tube. The tube wall thickness was 0.015 inch 
with a 0.0035 - inch-thick ceramic coating. The tube was exposed to a gas 
temperature of 6460 B and heat transfer coefficient of 0.01 Btu/in .^-sec-F. 
The coolant side heat transfer coefficient was 0.05* Btu/in. ^-sec-F and 
the bulk temperature was 260 It. 

It was assumed that the initial tube temperature was 530 R. At time 0 + , 
the tube experienced the previously mentioned environment. Within the 
first millisecond, the gas-side surface temperature increased rapidly; 
the coolant-side wall temperature decreased below the initial tempera- 
ture; and the bulk of the wall material remained at the initial tempera- 
ture level. The wall temperature, in general, increased until a steady- 
state operation occurred at approximately 50 milliseconds for all practical 
purposes . 

In the physical situation, the tube surfaces do not experience a step- 
type function in terms of the heat transfer coefficients. Consequently, 
the predicted transient temperature behavior which is shown does not 
accurately describe the physical case for short times. The predicted 
initial temperature gradients are higher. 

*This value is a factor of two smaller than the one originally used in 
this model to calculate the thermal resistance of the heat-barrier coating. 
The effect of either of these two values on the result of either calculation 
is small. 
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WALL TEMPERATURE, 





Conclusion 


The coating system for the present application must have a thermal re- 
sistance of 140 in .^-sec-p/Btu to reduce the heat flux to 20 Btu/sec-in .^. 
The coating surface temperature will be 4000 F, the metal-coating inter- 
face temperature will be 1200 F, and steady state will be attained 
in approximately 50 milliseconds* The thickness of the coating will depend 
on the thermal conductance properties of the coating. Coating thickness 
for typical ceramic insulative materials will be between 3 and 7 mils. 


THERMAL STRESS ANALYSES 


Introduction 


Success of heat barrier coatings will depend, in part, on their ability 
to withstand thermal stresses that develop during service. Large thermal 
stresses will be produced by severe temperature gradients across the thick- 
ness of the coating systems and by extremely rapid heating and cooling 

rates. As shown by the heat transfer analysis, these temperature grad- 

5 6/ 

ients will be between 10 and 10 F/in. and the heating rate will be 
approximately 10^ F/sec. If the thermal stresses are too severe, even 
the strongest and most adherent coating will fail mechanically. In de- 
signing a new coating system, therefore, the relationships between thermal 
stresses and coating design must be understood. The results of a theo- 
retical study of thermal stresses in heat barrier coatings are presented 
in this section. 

Unless otherwise specified, coating and substrate materials will be 
assumed to be homogenous and to have the following properties which are 
considered typical for the first generation coating systems of the present 
program . 
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Property 

Elastic modulus of coating 
Elastic modulus of metal 
Poisson’s ratio of coating 
Poisson’s ratio of metal 
Expansion coefficient of coating 
Expansion coefficient of metal 
Thickness of coating 
Thickness of metal 
Thermal conductivity of coating 
Thermal conductivity of metal 


Symbol Typical Value 

E c 14 x 10^ psi 

fi 

E 26 x 10° psi 

m 

„ c 0.34 

tt 0.32 

a 4.82 x 10“ 6 F" 1 

C 

a 8.0 x 10 -6 F _1 

m 

t 3.5 i 10 ^ inch 

c 

t 15.0 x 10“ 3 inch 

m 

k 2.5 x 10 ^ Btu/in.-sec-F 

G 

k 25-0 x 10 -5 Btu/in.-sec-F 


Also, it is assumed that at steady state the heat flux (q) is 20 Btu/in.^- 

sec, the hot surface of the coating is at a temperature (T ) of 4000 F, 

s 

the coating-metal temperature (I..) is 1200 F, and the cold side tempera- 
ture (T ) of the metal is OF. 
v o' 


Origin of Thermal Stresses in Coatings 

The origin of thermal stresses in coatings is perhaps best visualized 

by conducting a free-body examination of a perfectly elastic coating, 

without considering the influence of the substrate. The coating is 

assumed to be a flat sheet of thickness h that is (l) stress free at 

room temperature (T e ), (2) comprised of an isotropic material and (3) 

characterized by an expansion coefficient (ce ) find a thermal conductivity 

c 

(k ). If the coating is subjected to a steady-state heat flux (q) across 
c 

its thickness, a linear temperature gradient arises in the coating. The 
temperature gradient produces differences in thermal expansion at dif- 
ferent depths below the surface of the coating. Consequently, the coating 
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will tend to curve, and, if there are no external restraint forces pre- 
sent, will assume a curved, stress-free condition. The radius of curva- 
ture (p) for the stress-free state is given by the equation (Appendix A-A): 

k 

P = — 

a ( 

c 

For purposes of illustration, consider a coating comprised of a hypo- 
thetical material possessing the properties listed on Page A-41. With a 
steady-state heat flux of 20 Btu/sec in.^, the radius of curvature for 
the stress-free state, as calculated by Eq. 2 will he 0.26 inch. 

Large stresses will arise in the coating if external restraint forces 
do not allow the coating to assume the very high curvature required for 
stress-free conditions. Because heat-harrier coatings, in general, are 
restrained to varying degrees by the metal substrate and by other ex- 
ternal sources, the restraint forces impose moments on the coating that 
oppose the thermally induced bending tendency of the coating. The force 
distribution in thermally stressed bodies can often be estimated by the 
principle of superimposition, using a two-step process where- the body is 
first allowed to deform freely and then, secondly, the external restraint 
forces are applied until the actual strain configuration is realized. 

Thus, if the coating in the actual case is prevented completely from 
bending, the stresses in the coating are equivalent and opposite to those 
produced by external moment forces that can flatten curved coatings of 
radius of curvature (p). In general, large compressive stresses will 
exist on the outer surface of the coating and large tensile stresses 
will exist on the inner surface. In addition to moments, other restraint 
forces can be present, as for example, those that produce pure tensile 
or compressive stresses along the plane of the coating. 

Because the stress distribution in the coating depends on the exact nature 
of the external restraint forces, specific analysis is necessary for any 
set of restraint forces. Subsequently, specific cases will be examined 
in detail. 
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Adhesion 


An assumption made in the subsequent thermal stress analyses is that the 
coating and substrate remain in intimate contact and that there is no dis- 
continuity in the strains acting parallel to the interface across the 
coating-substrate interface. This condition is satisfied only if there 
is sufficient coating-substrate adhesion. 

In general, two types of stresses can contribute to the failure at solid- 
solid interfaces: (l) stresses acting normal to the interface, tending 

to pull the two solids apart, and (2) shear stresses tending to disrupt 
bonds by a sliding action. To illustrate why these stresses exist, con- 
sider the diagrams in Fig. 6 • Let Fig. 6 a represent the condition be- 
fore any heat is applied to the coating system. When heat flows through 
the coating, the coating will tend to bend into a stress-free state, and, 
if the coating is not adherent to the substrate, the situation depicted 
in Fig. 6b would result. For simplicity, the substrate will be assumed 
to be very thick compared with the coating and to not distort appreciably. 
If the coating is to be adherent, stresses must be imposed on it by the 
substrate to return the situation to that depicted on the left of Fig. 6c, 
To accomplish thiB, normal stresses at the interface provide the necessary 
moment forces required to straighten the coating (Fig. 6c, right side). 
Also, because the coating has expanded, interface shear stresses compress 
the coating to match it with the substrate (Fig. 6d). 

A precise analysis for determining the magnitude of normal and shear 
stresses at the interface would be very complex and is not within the 
scope of the present study. These stresses can be easily estimated, how- 
ever, using a somewhat simplified approach. Although the calculations 
can be considered only as rough estimates, important qualitative features 
are revealed by the analysis. 
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According to the analysis presented in Appendix B, the normal stress 
and maximum shear stress t w wt at the interface are given approximately 
by the following equations: 


'N 


2 *1 W 


= &JL 
3 L 2 k c 




t 

T max L 


(1-^) t c (1-/TT 

E + t E 
c m m 


(3) 

(*) 


These equations apply to a coating of finite length L, of unit width, and 

of thickness t . Botha and r are seen to decrease with increasing size 
c n max & 

(L). 

* 

Using values on p. A-41 for t , E, a, Q, k, and u, the equation for the 

c 

normal stress becomes 



Thus, for all practical values of L, is very small. Compared with the 
stresses in the coating system, will he negligible. 

The shear stress, using the data on Page A-41, is given by 

r - f l£ ( psi ) 

Thus, the interfacial shear stress can be very appreciable, especially 
for small values of L. For example, if L is 1 inch T is 3,340 psi, while 
if L is l/4-inch, r is 13,360 psi. In practical terms, the preceding re- 
sults mean that coatings applied as small patches would have high inter- 
facial shear stresses. The same applies to coatings that have become 
cracked into individual segments. Interfacial shear stresses are mini- 
mized when the area of contact between an unbroken unit of coating and 
the substrate is the largest possible. 
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Thermal Stress Distribution in Restrained 


Elastic Coating-Substrate 


General Solution . Consider a system composed of a coating on a metal 
substrate, with a steady-state heat flux (Q) flowing perpendicular to 
the surface. This system is illustrated in Fig. 4. 


The general problem is to determine the stresses in the system under the 
condition that the system is not free to relieve stresses by bending. To 
generalize the problem, the properties of the coating and the metal are 
assumed to be variable along the z direction. The derivation of the 
solution to this problem is presented in Appendix A-B. The general equa- 
tion representing the solution is presented below. The stress a (z), 
which is that in the plane of an element dz a distance from the cold wall, 
is given by 


<t(z) 



'T 


-Ct(z) 


[ T(z)- J T e ] 



where 

E(z) 

/i(z) 

«(z) 

T(z) 

T e 


elastic modulus at position z 
Poisson's ratio at position z 
expansion coefficient at position z 
temperature at position z 

room temperature, where the system is assumed to be stress 
free 


and 


e 


T 


= actual net strain produced in the system. 


or, 
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t+t 
m c 




'T = 


t +"t 
m c 


f V^¥ 

J fl-/U(2 


I] 


dz 


Stresses When the Coating and Substrate are Each Homogeneous . The simplest 
application of Eq. 5 is the case where both the coating and the substrate 
have homogeneous properties (independent of z) . That is, E, a, and k are 
uniform within each material. Let the subscripts c and m denote that a 
particular parameter corresponds to that for the coating and the metal, 
respectively. Because Q and k are constant through each layer, the tem- 
perature gradient is linear across each layer. By making use of these 
facts, Eq. 5 becomes 




e T “ Ct(z) [ T(z)-T e ] 


now r 

i r- i 

B a T - T 

+ B ot T - T 

m m _ m e. 

J c c L c eJ 


B + B 
m c 


and 


B 

m 


E t 


m m 


B 

c 


Vc 

[‘-"J 


T. + T 

■Ijp = -- 1 — — — = average temperature of the metal 

T +T. 

T c = - 8 2 — “ = average temperature of the coating 
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also 


E(z) 

= E 1 
m 

a(z) 

~ °m 

/*(z) 

-v 

E(z) 

- E ’I 
c 

oe(z) 

= “c • 

iU(z) 

= // c- 


from 0< z < t„ 
in 


from t < z < /t+t\ 
m \ m c J 


As a numerical example, the properties for the materials listed on 
PageA-39 shall be used to calculate stresses in the system. 


Then 


E t 

H _ mm 
B ” " ** 


(26 x 10 6 )(l5 x 10~ 3 ) 
0.680 


= 5.73 x 10- 


R_ - < 14 - - 2 1 a&fe 5 1 10 ~ 3) - 0.75 x 10 5 


C ^ 


0.663 


T * 1MQOL = 600, Te = 100 
m 2 1 


T ■ i Mi 1 20 0 , g600 

c 2 


_ 5.73 x 10 3 (8.05 x IQ" 6 ) (600-100) + 0.73 x IQ 5 (4.8 x lO^feeOO - lOO) 


5.73 x 10 5 + 0.75 x 10 5 


= 4.95 x 10 


-3 
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Thus, in the coating 


cr( z) - 116,000 - 102 T(z) (6a) 

and in the metal 

a(z) = 220,000 - 308 T(z) (6b) 

The stresses are plotted as a function of z in Fig. ^ . As expected, 
the stresses are compressive at the hot surface and tensile at the cold 
surface. The abrupt change in stress at the interface is caused by the 
thermal expansion mismatch between the ceramic and the metal. 

It is important to consider that the stresses in Fig. 7 are calculated 
from a purely elastic analysis. Extremely large stresses are predicted 
for this coating. These stresses will arise in a real situation only 
if the elastic limits (yield points) of the coating and/or substrate 
materials are higher than the maximum stresses in the coating and if the 
materials have sufficient strength to withstand these stresses. 

If one or both materials yield plastically, the overall stresses will be 
somewhat lower. For example, if the metal substrate yields at a stress 
<7y without subsequent work hardening, the maximum stresses in the metal 
will be ± O The compressive restraint on the coating produced by the 

«7 

metal will be much lower than if the metal were perfectly elastic, thereby 
reducing the compressive stresses in the coating. The same stress gradi- 
ent across the coating will be maintained, however, because the coating 
is still restrained from bending. Consequently, the effect of plastic 
flow in the metal will be to change all the stresses in the coating by 
a constant amount in the positive direction. Thus, there will still re- 
main a difference in stress of nearly 300,000 psi between the inner and 
outer surfaces of the coating. 
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From the preceding results, it is apparent that severe stresses are pre- 
dicted for a completely elastic coating of homogeneous composition on a 
substrate that does not allow bending. Ceramic materials, with few ex- 
ceptions, cannot sustain stresses on the order of several hundred thousand 
psi and mechanical failures must be expected. Alternative designs, there- 
fore, will be considered next. 


Nonhomogeneous (Graded) Coatings. The thermally induced bending tendency 
of uniform coatings can be eliminated, in principle, if the expansion co- 
efficient varies through the coating in a manner such that the product 
<*(z) 0(z)-T e ] is constant. In this way, every element dz will tend to 
expand equally. 

If the coating is composed of a mixture of two materials (e.g., metal 
plus ceramic), and if the proportion of each varies through the coating, 
the coating is said to he graded. A graded coating gives a graded dis- 
tribution of properties such as E, Ct, k, and (I. To analyze the effects 
of grading, it is necessary to know the extent k and ct vary with V^, the 
volume fraction of metal at position z. To simplify the problem, k and 
ct will he assumed to he temperature independent* In general, ct and k 
are much more sensitive to variations in than to temperature varia- 
tions, so the simplification is reasonable to a first order approxima- 
tion. Expressing these dependences as 

« - “<V 

k - ktvj 

as shown in Appendix A-D the gradation (V vs 
thermal strain in the coating when the metal 
elastic must follow the relation 

, ct ri. - T l/m k (V ) 

/ = -JlLi e J / _AjlL d 

q J o Fyr 


z) required for constant 
substrate is perfectly 

(7) 


[K>] 
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where z' is the distance below the hot coating surface. The integral 
is evaluated by graphical integration when the functions k(V m ) and a (V m ) 
are known, leading to a relation between z and V^. 

For purposes of illustration, specific k vs V and a. vs V m relationships 
will be assumed. The Lichtenecker formula (Ref. 2.1) was found to repre- 
sent fairly well the dependence of k on V for zireonia-metal mixtures 
(Ref. 22). This formula is 

k “ k c exp [v ffl In (k/kjJ (8) 

where k is the conductivity of a mixture whose metal volume fraction is 

V , k is the conductivity of the pure ceramic, and k is that of the 
2D c m 

pure metal. The expansion coefficient of the mixture shall be estimated 
by the rule of simple mixtures: 

0 = (ct -at ) V +a ( 9 ) 

' m c' m c ' ' 

Because the literature contains very little information on thermal ex- 
pansion data for ceramic-metal mixtures, theoretical estimates must be 
used. 


Substituting Eq. 8 and 9 in Eq. 7 


a fT.-T I k b 0 Am exp(b.V ) 
t „ mL x eJ c 2 I r v 1 m x dv 

J ri. ir 1 „ i2 m 


Q J ° c-Ani 

where b^ln ( k n/ k c ) and b 2 s (° m a c )* 


The equation can be made dimensionless because z' = t c when 


Thus 


/ 


m exp(b.V ) 



° ivw r 


r exp ^°ii 

J 0 CVm + «c] 


exp(bV) 

i_l dV 
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For zirconia-Inconel mixtures, using reasonable values for the parameters 
bj, bg, and Ct^ , values of V ffl vs z'/^, are obtained in Appendix A-D and are 
represented in Fig. 8* The gradation required for uniform thermal ex- 
pansion in the coating is steeper near the hot surface than near the 
metal-coating interface . 

The gradation profile calculated above serves as an example of how it may 
be obtained theoretically and to show that uniform thermal expansion can 
be obtained in principle. In actual cases, the relationship between k and 
and between Ct and may not be in the form represented by Eq. 8 and 9. 
More complex relationships may exist, and very little experimental data 
are available for systems of interest in the present program to establish 
the correct relationships. 

The graded coatings of the type cited previously are well suited for sub- 
strates that are restrained in such a manner that very little bending can 
occur. In that event, the substrate will have little tendency to bend 
the coating, and, consequently, stresses in the coating caused by applied 
moments will be small. 

Although, in theory, continuously graded coatings appear best suited for 
restrained systems, in practice these coatings may be difficult to fabri- 
cate by slurry methods, particularly because the coatings will be ex- 
tremely thin. 


Stress Relief by Nonelastic Deformation 

Qualitatively, the effect of plastic deformation in the metal substrate 
on thermal stresses has been previously discussed. In this section, the 
effects of nonelastic behavior of components other than the substrate 
will be considered. 
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Figure 3. Coating Gradation Yielding Zero Bending Moments 
(assuming the coating properties and the heating 
conditions specified in the text). 






Coatings With High-Temperature Deformability . If the coating contains 
glass as a binding agent, there will exist a softening temperature T g j 
above which the coating will deform viscously at low stress levels. 

Only small stresses exist in the coating if its temperature is above the 
softening point. The major stresses that arise in these coatings are those 
formed on cooling after the coating material hardens. Because of expansion 
coefficient differences between the coating and substrate, residual stresses 
develop on cooling. 


Lauchner and Bennett (Ref. 23) give an equation for residual stresses in 
coatings for the situation where the metal-coating system undergoes uni- 
form cooling (the temperature being the same in the coating and substrate 
at any given instant). This equation is; 


a 


c 


<«c-«l>j T af 7 »«> 

1-M t {1-fi ) 

— £. _ m .- 

E t^ e 


Where a is the average compressive stress in the coating at ambient 
0 

temperature T g , and T ^ is the softening temperature of the coating. If 

Ct is 5 x 10 -6 F- 1 , a is 8 x lO -6 p“ l , E is 14.2 x 10 6 psi, E is 
c /- m c m 

26 x 10° psi, H c is 0.337 and is 4320, then 


5. - 56.7 ( T sf "T e ) 


If T g ^ is 1900 F y o is approximately 100 x l(r psi, and if is 1000 F, 

a is approximately 50 x 10^ psi. Thus, large stresses develop throughout 
c 

the expected range of softening points (1000 to 1900 F) . 


In actual heat-barrier applications, the preceding analysis does not 
strictly apply because uniform cooling does not occur. Actual cooling 
occurs somewhat in reverse to that depicted for heating in Fig. 5 . Con- 
traction of the metal during cooling is much less than supposed for the 
uniform cooling model, and consequently the compressive stresses arising 
in the coating may be much less severe. 


A- 55 



To a first approximation, the actual cooling situation 
as a system where the average temperature in the metal 
coating temperature is at the softening point T gf . In 


can he depicted 

is T when the 
x 

this case 


a 

c 


«c< T af- T e> <W 

t 


C 1 -".) + t* 




m 


m 


The coating is approximately stress free when 



sf 




Thus, if T s £ is 1900 F, T y must he 1200 F if the coating is stress free. 
The coating will have compressive residual stresses if, in the actual 
case, T is above 1200 F and will have tensile residual stresses if T 
is below 1200 F. Inspection of Fig. 5 suggests that T y will be below 


1200 F, and consequently the coating will experience tensile forces. 
Because an analysis of the cooling situation has not been carried out, 
an estimate of the magnitude of the residual stress cannot be calculated. 


Strain Accommodation Laver . Large stresses arise in coatings because 
their natural tendency for expanding when heated is restrained by the 
substrate. As discussed previously, the coating would expand and bend 
if unrestrained. The presence of a very ductile metal layer placed be- 
tween the coating and the substrate would relieve some of the restraints 
imposed on the coating by the substrate. To be effective, the ductile 
metal must have a yield strength considerably below the ultimate strength 
of the ceramic coating. In this way, plastic strain can occur in the 
ductile layer to relieve stresses in the coating before the coating 
stresses build up to fracture levels. 

A theoretical analysis of thermal stresses in coating systems having a 
strain accomodation layer was not conducted because such an analysis 



would involve complex elaatoplastic considerations which are beyond the 
scope of the present program. 


Qualitatively, however, it is clear that a reduction in stresses in the 
coating will result by using a strain accommodation layer because the re- 
straint conditions on the coating are somewhat relieved. 


PROPERTIES OF THE COATING SYSTEM 
Chemical and Physical Stability 

The properties that the coating must possess to withstand the thermal 
and chemical environment of the present heat-barrier application are dis- 
cussed in this section. Mechanical aspects, such as thermal shock were 
discussed in greater detail in the previous section. 


Melting Point. The surface temperature of the coating will be 4000 F, 
whereas subsurface temperature will he proportionately lower. Material 
systems selected for any strata in the coating should not melt at the use 
temperature. Also, the melting point should be higher than the use tem- 
perature to provide a margin of safety because of possible fluctuations 
in the heat flux of experimental rocket engines. Molten phases should 
be avoided because they are corrosive, unstable, and cause a significant 
reduction in strength. However, the selection of cementitiously bonded 
materials systems that do not have any liquid, or viscous, phases at 
temperatures of approximately 4000 F may not be practical, yet the 
preceding criteria must at least be met in regard to the filler materials. 


Destructive Phase Changes . Materials must be selected that do not undergo 
large volume changes over a small temperature range. Large internal 
stresses that are caused by the sudden change in volume can cause mechan- 
ical failure, or at least cause weaknesses in the coating system. 
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Otherwise useful materials that undergo harmful phase transformations, 
such as ZrOg, are usually stabilized in one phase to render them usable. 

Chemical Reactions . Materials must be chemically inert in the environ- 
ment so as not to change properties during use. All materials should be 
stable in hydrogen, oxygen, and water atmospheres because cementitiously 
bonded coating systems will be pervious to the combustion gases to some 
extent. Moreover, adjacent materials of different composition (for example, 
the first layer of coating and the metal substrate, and a bonded layer of 
zirconia over a bonded sublayer of alumina) must be compatible. 


Erosion . The outer layer of coating must be sufficiently strong and hard 
to ensure that the erosion rate is negligible. Because these coatings 
will be relatively thin, and. because the heat flux is relatively high, 
even small changes in thickness (which is proportional to thermal resist- 
ance) could result in a large reduction in thermal protection. 


Cohesive Strength of the Coating 

Cohesive strength of a given cementitiously bonded system is closely re- 
lated to packing density and size distribution of the filler oxide powder 
because these factors govern the number of point-to-point contacts be- 
tween the filler powder, the ratio of cement to filler, and size distribu- 
tion of pores. These topics are discussed in the following paragraphs. 


Density . Theoretical density of the composite can be obtained by com- 
pletely filling the voids (30 percent of volume or greater) between the 
grains of the filler oxide with the binder material; nevertheless, the- 
ortetical density is not possible in most cases, nor is it desirable in 
any case. It is not desirable because the binder invariably will be less 
thermally and chemically stable than the filler. Thus, the use of only 
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a small amount of binder (approximately 10 percent by volume) will yield 
optimum thermal and chemical stability of the composite at high tempera- 
tures, especially at 4000 F. Moreover, it is not desirable because the 
best resistance to thermal shock is not usually achieved at theoretical 
density. Thermal strains are usually better accommodated when a small 
amount of porosity is present. 

Completely filling the voids is not generally possible because most binder 
compounds decompose during setting, losing water molecules or other mole- 
cules that were chemically or mechanically combined with the basic cement- 
ing compound. The cured cement generally occupies less volume than the 
original bonding agent. Also, all slurry coatings are suspended in a 
liquid, usually water, that is removed after the coating is applied. Un- 
less particles are rearranged by unconventional procedures, the density 
of the dried composite will be less than that of the as-applied slurry. 

At any rate, best results will be obtained in this program by using only 
sufficient binder to adequately cement the grains of the filler together. 
Voids formed between the grains of the filler will not be completely filled 
with any material (unless of course, special techniques are used to add 
more filler in liquid form and to precipitate it inside the voids). In 
fact, the grains of the filler oxide will be separated to some extent by 
the cement that bonds them together. 

The density of the composite will be governed by the packing efficiency 
of the grains of the filler oxide and best results will be achieved by 
obtaining maximum packing density. The maximum packing density obtained 
by usual procedures is approximately 80 percent of theoretical . 


Particle Size and Other Raw Material Characteristics . Maximum packing 
density of particles is generally obtained by mixing three size fractions, 
each at least one order of magnitude different in size. This general 
rule was not always followed in development programs reported in the 
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literature, but increased density (or strength) for cementitiously bonded 
materials is generally obtained by combining at least two, and usually 
three, different size fractions of powder although not always a factor 
of 10 different in size. Most programs reported in the literature also 
used a fraction of large-sized grog, approximately 50 mesh, to improve 
the properties of the composite. The use of large-size fractions also 
allows the use of smaller size fractions that are a factor of 10 smaller. 
But using such large grains will not be possible in this program because 
these particles are considerably larger in diameter than the thickness 
of the coating. Particles used in this program must be -200 mesh to ex- 
clude particles with diameters (or at least a minimum axis) of 2.9 mils 
because coating thicknesses will be as small as 3-5 mils. 

Being limited to such a small particle size is a disadvantage. Small 
particles do not pack as efficiently as large ones. This is mainly be- 
cause, physically, handling and mixing are difficult, because the ab- 
sorbed layers of impurities represent a large fraction of the total volume, 
and because clustering results due to electrostatic forces which become 
prevalent on small particles. Another reason is that three particle size 
fractions an order of magnitude apart in size, cannot be used for obtain- 
ing maximum density. The smaller of the fractions would consist of sub- 
micron size particles with chemical, physical and mechanical character- 
istics resulting from the large surfaee-area-to mass ratio that would 
make the powder too difficult to handle. Such particles would easily 
become airborne, hydrate, absorb impurities, and agglomerate. 

Thus, particle sizes and particle size fractions used in coatings for this 
program must be determined by experiment. Two, and even three, different 
fractions may be used to obtain maximum density, but there will not be 
any large size gap between the fractions. For example, -200, +325 mesh 
powder would be mixed with -325 powder to obtain a high packing density. 
The -325 mesh fraction could be further divided into two fractions al- 
though this procedure would have disadvantages. Particle size separation 
in this range is expensive and it requires elaborate quality control 
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procedures to ensure reproducibility. The use of one -325 mesh fraction 
with a specified particle size distribution, such as commonly used for 
melt-sprayed coatings, would be more practical. 

Another factor must be considered in selecting powders for development 
of cementitiously bonded slurry coatings, viz., the surface area of fine 
powders causes a rapid chemical bonding reaction rate, and rapid bonding 
reactions usually result in bloating and a low coating strength. The re- 
action rate can be controlled in two ways, however. One is by the use of 
special additives, such as retardants, buffering agents, sequestering 
agents, etc. This method is not always possible, however, and when it 
is, its effectiveness is limited. The second method for controlling 
reaction rate is to change the available surface area of the solid 
reactant, i.e., the filler oxide powder. Surface area can be adjusted 
by interchanging powder derived from either fusion or sintering processes. 
Sintered powders generally have a higher surface area and porosity, whereas 
fused powders have lower surface area, are more dense, and are more ir- 
regular in shape with sharp edges. In general, sintered powders of equiv- 
alent size would react faster than fused ones and would produce stronger 
composites provided the reaction is not too rapid. 

In summation, the proper combination of available raw materials in regard 
to particle sizes, or size distributions, must be determined experimentally 
for this program because the technology involving the use of the small 
grain sizes demanded by the design requirements of this program does not 
exist. Moreover, the dense, strong, cementitiously bonded coatings will 
be difficult to develop when restricted to the use of such small grain- 
sized powders.. 
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Adherence 


State-of-the-Art . Adherence of slurry coatings to metal substrates was 
not obtained in any of the coating-metal systems reported in the litera- 
ture. Without exception the coating systems were held to the metal sub- 
strate with metal reinforcements. There are several possible reasons for 
this lack of bonding between the two materials. For one, most of the 
cementitiously bonded coated systems included an acid bonding agent that 
readily reacted with metals. In fact, this reaction caused problems in 
the use of the metal reinforcements because the reaction corroded the 
metal and gaseous products caused bloating in the coating. These acid 
bonding agents must have also reacted similarly, but less noticeably, 
with the metal substrate. Therefore, any reaction at the metal substrate- 
coating interface was detrimental to both materials, and it was not 
conducive to bonding between the two materials. Another reason for poor 
adherence could have been that the coating did not wet the metal substrate . 
Wetting properties of the slurry coating systems on the- metal substrates 
are not reported in the literature, but the existence of wetting problems 
is inferred because wetting agents were occasionally used. Wetting is 
essential for adherence to occur whether it occurs by the sharing of 
electrons across the interface, by Van der Waal s -type bonds across the 
interface, or by mechanical interlocking into holes, grooves, or under- 
cuts in the metal surface. In other words, the coating must make inti- 
mate contact with the surface of the metal to become adherent. 


Mechanical Adherence . To achieve good mechanical adherence of the coating 
to the metal substrate, therefore, several conditions must be met. First, 
the substrate must be very rough, preferably with deep undercuttings in 
which the coating can fit into so as to attach itself to the metal sub- 
strate. These undercuttings must be formed by grit blasting with grit 
that will produce pits larger than the particles which must fit into the 
pits, and by grit blasting at an angle so as to form the undercuttings. 
Obtaining such a surface that is conducive to good mechanical adherence 
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ia not easy, however, because the grit blasting closes as many undercuts 
as it forms on the metal surface by peening over the edges, and much of 
the abrasive grit imbeds into the surface. Imbedded grit not only reduces 
the possible number of holes that the powder in the coating can fill, but 
it can lead to other problems because of surface contamination. Another 
method of roughening the surface is to chemically etch the grain boundaries 
of the metal substrate (Ref, 24). Because grain boundaries usually meet 
at 120-degree dihedral angles, the majority of the etched holes will be 
oblique to the surface, that is, they will be undercuts rather than tapered 
holes with the largest diameter at the surface. 

The second criterion for good mechanical adherence is that the slurry must 
wet the metal so that it will enter the undercuts. Wetting can be achieved 
by adjusting the pH, by adding minute quantities of wetting agents, and 
by changing the surface energy of the metal substrate. Metal surfaces 
have high surface energies because of the nature of the uniform atomic 
size of all constituents. That is, a large proportion of the surface 
atoms are not shielded by larger atoms as they are in oxides, Conversely, 
the slurry has a low surface energy because atoms are not equisized, and 
they are sufficiently mobil that they can present the lowest surface 
energy for the system. Therefore, the slurry will not wet the metal be- 
cause of the large difference in surface energies of the two systems. 

Wetting can be increased appreciably, however, by changing the surface 
composition, and therefore, surface energy, of the metal surface. The 
surface composition of the metal surface can be changed by the formation 
of a very thin layer of adherent oxide on the metal surface. Moreover, 
this oxide layer offers other benefits: it protects the metal from cor- 

rosion from acid binders, and reduces bloating in the coating by eliminat- 
ing the formation of gaseous reaction products. 

Chemical Adherence . Achieving a chemical bond between the metal substrate 
and the cementitiously bonded coating will be more difficult; in fact it 
might be beyond the scope of this program. The state-of-the-art of 



cementitious bonding only includes ceramic-to-ceramic bonding, not ceramic- 
to-metal bonding. An extensive program to develop chemical adherence by 
creating ceramic-to-metal cementitious bonds is not expected to be necessary 
in this program. The bonding agents used in the slurry coatings should 
chemically bond to the preoxidized surface of the metal, thus avoiding the 
metal-ceramic bonding problem. In fact, because the metal should be pre- 
oxidized to promote wetting, the slurry coating should never be applied 
on a clean metal surface. 

Two other methods of promoting a chemical bond, although neither has been 
attempted, is to interpose a thin layer of a semiconductor, such as silicon, 
or a glass between the metal substrate and the cementitiously bonded coat- 
ing. The layer of silicon would be a strong link between substrate and 
cementitiously bonded coating. It would be diffusion bonded to the metal 
substrate and it would form Si-0 bonds with the coating when the coating 
is applied and cured. 

For the other method, producing strong chemical bonds between the glass 
and the metal substrate would be accomplished using standard practices 
(Ref. 27). Chemical bonding is promoted by either of two mechanisms but 
this is only academic because the laboratory procedure for producing ad- 
herence is identical for both. Basically, chemical adherence is produced 
between a glass coating and its metal substrate when the glass coating 
is saturated with oxide (s) of the substrate metal. One proposed mechanism 
is that electrons are shared across the interface because of a balance of 
bond energies and a continuous electronic structure (Ref. 26 and 27). 

That is, the transition across the interface is from metal A, to metal A 
oxide, to metal A oxide-saturated glass, to the glass coating. The other 
proposed mechanism is that Van der Waals forces sufficient to cause strong 
chemical bonding are created by allowing a high ratio of atoms on both 
surfaces (the glass and the metal in this case) to come in contact with 
each other (Ref. 28 and 29). In any case, however, the most practical 
way to achieve chemical bonding, by either of the two mechanisms, is to 
preoxidize the metal surface before, or during, application of the glass 


A-64 



coating. An oxidized surface is required in the second theory to promote 
the complete wetting that is mandatory for a high ratio of atom-to-atom 
contacts, and an oxidized surface is required in the first theory to 
promote wetting and to promote the transitional electronic lattice 
structure. The oxide layer should not be too thick or it will weaken 
the composite structure, hut it should he sufficiently thick to ensure 
that sufficient oxide(s) dissolve and saturate the adjacent stratum of 
glass . 

The cementitiously bonded, heat-harrier coating would then he applied to 
the glass substrate by the same techniques used to apply it to a metal 
substrate. Then, a short firing (heating) operation would cause the 
cementitiously bonded coating to become imbedded in the glass. Thus, the 
heat-barrier coating would be both chemically bonded to, and mechanically 
held by, the glass which, in turn, would be chemically bonded to the metal 
chamber wall. 

The glass will be designed to survive thermal shock in this system through 
the selection of a glass with the following properties. First, the glass 
must fuse at 1800 F, or less, so that the properties of the Hastelloy-X 
substrate are not impaired when the glass is fired (fused to the substrate). 
Glasses applied as subsieve— size powders fuse into dense coatings well 
below their smelting temperatures (the temperature required to melt and 
to pour the glass from a crucible). Second, the glass should not soften 
at 1200 F (the service temperature) so that shear forces during rocket 
engine firing could cause sufficient movement to cause failure of the 
coating system. Third, the glass should have a coefficient of thermal 
expansion between that of the metal substrate and that of the heat-barrier 
coating. 

An added advantage in using this intermediate layer of glass would be that 
the glass will be annealed at the service temperature, thus relieving thermal 
stresses created by the difference in properties between the metal substrate 
on one side and the cementitiously bonded coating on the other. 



In summary, the procedure for using an intermediate layer of glass would 
be to first form an adherent, uniformly thick layer of oxide on the metal 
substrate. The use of Hastelloy-X is extremely advantageous here because 
its tenaciously adherent, strong oxide layer promotes excellent adherence 
of glass coatings. Next, the glass coating would be fused into a dense, 
uniform coating at the optimum time-temperature relationship that results 
in saturation of the glass with the substrate oxide. The next operation 
would be to apply the cementitiously bonded, slurry coating over the 
glass and to refuse the glass by heating it at a lower temperature and 
for a shorter time than was used in the first operation. 

A principal disadvantage of this technique for obtaining strong adherence 
of the heat barrier coating to the chamber wall is that the chamber must 
be heqted to a relatively high temperature to apply the glass coating. 

This disadvantage should not prevent the investigation of this method 
because, should this method be useful, this problem can be reduced by 
several techniques if necessary. For example, a new glass can be form- 
ulated to have a lower application temperature and still meet all of the 
design critera, or the glass could be applied by new, low-temperature 
techniques (Ref. 30). 

Although this technique has not been attempted it appears theoretically 
sound and practical. It should produce exceptionally strong attachment 
of the heat barrier coating to the chamber wall, and it could increase 
thermal stress resistance of the entire system by annealing during service 


Composite Design for Improving Resistance to Failure 

Reinforcement . In all of the slurry heat-barrier coatings programs re- 
ported in the literature, reinforcements were required to hold the coat- 
ing systems to the substrate and to maintain the structure in one piece 
when the coatings cracked. Because, as reported previously, many differ- 
ences of design requirements between this program and past programs exist, 
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reinforcements may not necessarily be required in this program. The most 
important factor in this case is the difference in coating thickness. 
Coatings reported in the literature were so thick (from l/4 to more than 
1 inch) that, in comparison with this program, they are better described 
as heat shields. Because both thickness and shape are important factors 
relative to the resistance of a body to thermal stress, it is probable 
that the thin coatings (3-l/2 mils, for example), will be less prone to 
cracking and spalling than the thick heat shields. In fact, it may be 
possible to bond the coating to the substrate without using reinforcements 
by using one of the techniques described in the preceding section of this 
report . 

If unreinforced coatings prove unsatisfactory, reinforcements substan- 
tially different from those used with thick coatings may be required. 
Employing a scaled-down version of the type of reinforcements used in 
thick coatings (e.g., spot-welded, corrugated strips) maybe impractical 
because of the small size. Furthermore, the mechanism for failure in 
thin coatings may be different from that of thick coatings, and the re- 
inforcement may have to serve a different function. 

Because an exact thermal stress analysis for predicting the mode of failure 
in coatings was not possible, an appropriate reinforcement cannot be 
selected until a better appreciation can be gained from failure analysis 
of actual test specimens. For instance, if the coating cannot be made 
to adhere to the substrate in arc-plasma tests, reinforcements must be 
used to hold the heat barrier in place. If the coating cracks because 
of tensile stresses, then a reinforcement must be used to strengthen 
the coating and to hold it together. If the coating fails because of 
compressive forces, then a ductile, or crushable, reinforcement must be 
used. If the reinforcement must be used in the cooler strata, then 
Hastelloy-X, or stainless steel can be used. If the reinforcement must 
be used in the hottest strata of the heat barrier, then it must be made 
of ceramic material. Refractory metals cannot be protected from oxida- 
tion for appreciable time at temperatures as high as 4000 F. Many methods 



of protecting refractory metal reinforcements have been reported, but 
all were unsuccessful (Ref. 3 through 5, 31, and 32). 

Many methods of reinforcing the thin coating designs of this program 
are feasible, but the use of the majority of them will require some de- 
velopmental effort because methods of reinforcing such thin coatings 
have not been studied previously. This is another reason for not design- 
ing the reinforcement system until more is known concerning the design 
requirements . 

Concepts for various types of reinforcements for attaching the heat bar- 
rier coating to the substrate are as follows: 


1 J Prefabricated fine wire screens attached at all contact points 
or at the end of barbed wires that stick out of the screen. 

The screens would be attached to the chamber wall by one of the 
following techniques : 

a. Electrical -resistance spot welding 

b . Brazing 

c. Diffusion 

d. Fusion of the metal screen into a glass coating that is 
itself chemically bonded to the substrate 

e. Electroforming 

2. Screen-like structures fabricated in place by one of the 
following techniques: 

a. Melt spraying on metal in such a manner that it splashes 
as it freezes, or simply melt spraying a very porous layer 
of metal 

b. . Cold spraying short wires or coils on a hot substrate 

coated with a braze or glass 
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c, Electroforming before the heat-barrier coating is applied 
by plating over a pyrolyzable fabric or by plating a mix- 
ture having one constituent that could be preferentially 
dissolved or etched 

d. Electroforming a metal after the heat-barrier coating is 
applied to the chamber vail in the continuous pore netvork 
of the heat barrier coating 

3. Fibers or coils protruding from the substrate attached by any 
of the preceding methods 

Reinforcements for strengthening the coating could consist of any of the 
preceding ideas but without the problem of attachment to the substrate. 

The problem in this case would be obtaining uniform distribution in the 
coating, preferred orientation, and adherence between the reinforcement 
and the heat-barrier coatings. 

One potential method for attaching fibers to a metal substrate has been 
studied during a Rocketdyne-funded program. Metal fibers were oriented 
parallel to the surface and held in place with a magnetic field. Attach- 
ment to the substrate was then accomplished by electroplating techniques. 
Orienting fibers perpendicular to the substrate, like hair, was also 
demonstrated, but they were not attached to the substrate in this manner 
because this was not an objective. But attachment by the same electro- 
forming techniques is possible. Nonmagnetic fibers were also attached 
using this method by first plating with a layer of a magnetic metal, such 
as nickel. Vapor deposition, electroless deposition, or electrodeposition 
are methods of plating the nonmagnetic fiber with a magnetic film. 


Intermediate Layers . Use within a coating of interstratified layers of 
materials having thermal property values (particularly with regard to 
coefficient of thermal expansion) intermediate between those of the 
chamber wall and those of the outer layer of heat-barrier coating is a 
most practical method of reducing thermal stresses. Thermal properties 



of such layers can be adjusted in two ways: (l) other coating systems, 

different from the basic protective coating system in the outer layer, 
can he used, or (2) mixtures of the end member materials, Hastelloy-X 
and ZrOg for example, can be used to produce composite coating materials 
with graded properties. Graded coating designs have been used success- 
fully in melt-sprayed coating systems where controlled alteration of 
the composition across the thickness of melt-sprayed coatings is very easy 
because of the nature of the melt-spraying process. Graded coating de- 
signs have never been utilized in cementitiously bonded, slurry systems, 
however, and their use may be difficult. Chemical reactions between 
metals (especially when they are in the form of subsieve-sized powders) 
and acid-type bonding agents, which represent some of the better candi- 
date bonding agents for this program, will probably not result in satis- 
factory composite materials. Rather, the reactions will corrode the metal 
and cause bloating in the coating. Bonding, however, might be produced 
by forming a thin film of oxide on the metal grains so that the bonding 
reaction is between oxides (the oxidized metal and the filler oxide) and 
not between metal and oxide. It would be necessary to control oxidation 
of -200 mesh metal powder very carefully to ensure that the oxide film 
would be adherent and thin. If excessive oxidation of the powders oc- 
curred, the metal grains would be consumed and the "graded" mixture would 
not be a graded mixture of the coating and of the substrate alloy. Using 
graded coating systems in cementitiously bonded coating designs, there- 
fore, requires a developmental effort in which no state-of-the-art is 
presently available for guidance. Also, it would be necessary to main- 
tain the temperature of these layers below 2400 F by proper design of 
the coating system. Higher temperatures would result in melting of the 
alloy phase which would weaken the coating and which could result in un- 
desirable changes in the properties of the coating system. 

The other method of changing properties to reduce thermal stress is to 
use sublayers composed of different materials systems. The choice of 
materials systems is not limited to those for 4000 F service because the 
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sublayer materials will be protected by the outer layer(s) of the heat- 
barrier system. Selection of filler materials must be based on several 
considerations. Filler materials should (l) have melting points above 
2600 F, and preferably above 3000 F, ( 2 ) be compatible with the metal 
substrate and with the oxides in the outer layers of the coating system, 

(3) have thermal expansion coefficients intermediate between that of the 
coating and that of the metal substrate (refer to Thermal Stress Analysis 
section); and ( 4 ) be stable in oxygen gas and water vapor. The selection 
of these materials is also limited to oxide materials for the same reasons 
as presented for the outer layer materials in another section of the re- 
port. Although the coefficient of thermal expansion should be between 
that of the chamber wall alloy and that of the outer layer of heat bar- 
rier material system, this criterion should not be limiting. Other de- 
sirable properties of cementitiously bonded oxide systems could off-set 
the thermal expansion coefficient criterion by providing improved resist- 
ance to thermal shock by other means. For example, other advantageous 
properties include plasticity and high strength. Some of the candidate 
systems for less than 3000 F service are reported to deform plastically 
(Ref. 33) and to be 10 times stronger than cementitiously bonded systems 
composed of the more refractory oxide systems (Ref. 1 and 56). Also, composi- 
tions containing viscous silica glasses should result in thermal stress 
relief during service. 

Another, and a most important criterion, is that these cementitiously 
bonded materials systems must be selected from state-of-the-art systems 
because developing new, low-temperature (melting point < 2500 F) materials 
is beyond the scope of this program. 
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ANALYSES AND SELECTION OF MATERIALS SYSTEMS 
SUBSTRATE ALLOY 

The work statement of this contract specified that the substrate material 
for the coating (the chamber wall material) was to be selected from either 
Hastelloy-X or stainless steel (type 347). Hastelloy-X was selected be- 
cause of several important advantages. Hastelloy-X has a 20 percent lower 
thermal expansion coefficient than type 347 stainless steel, and it forms 
a more protective, more tenacious oxide coating when heated in air. The 
lower expansion coefficient will cause less thermal stress in the coating, 
the protective oxide will reduce corrosion under service conditions, and 
it will be a more satisfactory substrate for coatings. Because slurry 
coatings will wet oxidized substrates better than unoxidized metal sub- 
strates, better coverage and better bonding will occur on a properly 
oxidized chamber wall. 

Disadvantages of using Hastelloy-X are that it is not stocked in as 
many shapes and sizes and that it costs more than type 347 stainless steel 
Usually a 6-month lead time is required when buying stock of special sizes 
and the cost of Hastelloy-X can be as much as 10 times higher than that 
of stainless steel. However, the technical advantages far outweigh the 
logistical disadvantages: the price difference and long lead time in 

ordering are not crucial when manufacturing rocket engines because the 
cost increase due to the better alloy represents a small portion of the 
entire manufacturing cost, and 6-month lead times are not unusual for 
large orders of special shapes and sizes. 


FILLER MATERIALS FOR 4000 F SERVICE 
Survey 

To meet the design requirements of this program, coating materials must 
be stable for a long duration at 4000 F in a stream of subsonic, sonic, 
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then supersonic, oxidizing gases. Because of these conditions, the list 
of candidate materials is comparatively small. First, only refractory 
oxide materials are sufficiently stable under these conditions. Refractory 
borides, carbides, silicides, sulfides, and intermetal lies will oxidize 
too rapidly in a highly oxidizing environment of 4000 F, particularly for 
any appreciable duration. These materials must he also rejected for an- 
other reason. No state-of-the-art exists for these materials in cementi- 
tiously bonded systems and this program is to be based primarily on ex-' 
isting technology and information. The list of candidate oxides is also 
limited because only those with a melting point above 4000 F are useful 
for 4000 F service. The criterion was arbitrarily set at a minimum melt- 
ing point of 4300 F as a safety precaution and so that the coating would 
not melt under even small fluctuations normally expected during service. 
Further, several otherwise useful oxides must be eliminated because of 
high vapor pressures or reactions with water vapor. Even small vapor 
pressures or reaction rates can become . important when the reaction products 
are continually swept away from the surface. Erosion is also an important 
factor in material performance but it was not taken into consideration in 
selecting the oxides. The inherent or potential, resistance to erosion 
is not important because the resistance to erosion of all of the state- 
of-the-art materials will be much lower than the inherent value. 

Oxide materials with melting points above 4300 F (Table 2) are discussed 
individually in the following paragraphs with respect to their possible 
use as a filler material. The discussions in large part are taken from 
previous analyses (Ref. 5 and 34 through 38 ). 

Beryllium Oxide . Beryllium oxide is chemically stable in contact with 
metals at high temperature and exhibits no tendency toward reduction in 
hydrogen up to 4250 F. However, beryllia reacts with water to form a 
volatile hydroxide above 3000 F, and it undergoes a phase transformation 
at 3810 F sufficient to cause cracking and spalling (Ref. 39). Also, 
beryllia iB highly toxic and must be handled inside glove boxes. 
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Consequently, the use of beryllia drastically reduces the amount of 
flexibility on work that can he accomplished. For the preceding reasons, 
beryllia is not an attractive candidate. 


Calcium Oxide and Strontium Oxide . These materials are members of the 
alkaline earth group, and are not attractive in view of their chemical in- 
stability, especially with regard to water (hydration) and carbon dioxide 
(carbonation) . 


Cerium Dioxide . Cerium dioxide is easily reduced to lower oxides in 
hydrogen atmospheres at increasing temperatures, forming several "ordered" 
intermediate phases. The reduction with hydrogen occurs to an appreciable 
degree at 932 F, and is considerable at 1200 F. Possibly the reduced 
oxides represent a series of solid solutions of cerous oxide (Ce^Q^) in 
ceric oxide (Ce0 2 ) . 

Hafnium Oxide . This material, in most respects, is similar to zirconium 
oxide. Hafnium oxide has a monoclinic form at room temperature which 
inverts to a tetragonal form at approximately 3100 F. Pure hafnia is 
scarce because it is difficult to separate from the zirconia-containing 
minerals with which it is generally found. Because of its very high 
cost and few advantages compared to zirconia, pure hafnia has not been 
used and studied extensively in ceramic bodies. 


Hafnia-Rich Mixtures of Oxides . These mixtures can be formulated to 
produce a composite having an extremely low coefficient of thermal- 
expansion. The formulation of the particular mixtures considered for 
this program is proprietary to Rocketdyne. The material melts at ap- 
proximately 4200 F and it would be cementitiously bonded with the same 
binder systems that are used in cementitiously bonded zirconia systems. 
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Magnesium Oxide . Magnesium oxide has no phase inversions up to its 
melting point of 5070 F. However, it is not useful in neutral or re- 
ducing atmospheres above 3100 F. Magnesia is easily reduced and has 
a high vapor pressure at high temperatures. Also, because the strength 
of magnesia bodies is low because of its distinct cubic cleavage and 
because it hydrates easily when not in a dense form, this material is 
not a promising candidate for heat-barrier coatings. 


Thorium Oxide . Thorium oxide has the highest melting point of all the 

oxides, 5800 F. It has a very low vapor pressure at high temperatures 

and it is the most chemically stable oxide. Thorium oxide has a cubic 

structure, with no phase inversions occurring to its melting temperature. 

The major deterrents to its use include its high specific gravity of 

3 

9.9 gm/cm , high cost, and slight radioactivity. Thoria coatings have 
already been used as heat shields for super— orbital , lifting re-entry 
leading edges and nose caps at 4000 F. 


Yttrium Oxide . Yttrium oxide has no phase inversions from room tempera- 
ture to its melting point of 4300 F. Its high cost and slight tendency 
to hydrate and form a carbonate at low temperature limit its use. Yttria 
is similar to alumina in respect to thermal expansion and thermal 
conduction. 


Zirconium Oxide . Zirconium oxide normally has a monoclinic structure 
below 2160 F and a tetragonal structure above 2160 F. This phase trans- 
formation can be very destructive mechanically because of the large 
associated volume change (9 percent). Zirconia can be "stabilized" by 
adding 3 to 15 percent CaO, CeO^, Y^O^, or MgO. These compounds form 
a solid solution of cubic structure which is stable at high temperatures 
and metastable at low temperatures. Zirconia coatings that are applied 
by flame or plasma spray methods have been developed by numerous in- 
vestigators. These have exhibited excellent thermal stability but 



frequently are subject to thermal stress failures under severe conditions. 
Cementitiously bonded zirconia coatings have also been developed for 
certain applications. The zirconia phase of the cementitiously bonded 
coating system apparently suffers no deteriation, whereas the binder 
phase exhibits poor resistance to thermal shock and high-temperature 
service . 


Zirconates . Zirconates of barium, beryllium, strontium, and thorium have 
high melting point?, but in general very little information on their 
properties is available. 


Selected Filler Materials 


Based on available data from the literature, as described and discussed 
in the preceding sections, the two candidate filler materials, zirconia 
and thoria, qualify far above any others. These oxides, used with vari- 
ous binders, were successfully used at 4000 F or higher for the intended 
application, and all other materials were reported to be inferior. One 
exception was a cementitiously bonded hafnia system that was abandoned 
when the particular raw material source became unavailable and other 
sources of hafnia powder did not produce identical results. The use of 
hafnia instead of zirconia, however, is not warranted in this program . 

Several other oxides are potential candidates for this program but select- 
ion of these oxides cannot be based on available literature because their 
use in cementitiously bonded systems has not been reported. 

Two of these untested materials are also selected for evaluation in this 
program; the materials are barium zirconate and a hafnium-rich mixture 
of oxides*. Barium zirconate has not been evaluated in cementitiously 
bonded systems, nor has it been evaluated to a large extent as a coating 

*The formulation is proprietary to Rocketdyne 
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material. However, its melting point is above 4300 F, the criterion 

for selection in this program, and its coefficient of thermal expansion 

in the melt-sprayed form is reported to be less than that of stabilized 
—6 —6 

zirconia, 3-5 ar 10 compared with 5-2 x 10 (Ref . 4.1 ) This latter 
property is the basis for its selection because using a material with a 
lower expansion coefficient than zirconia may become very important as 
a means for reducing thermal stresses, and the list of candidate materials 
with lower expansion coefficients is limited. The low expansion coef- 
ficient is the same reason for selecting the hafnia-rich mixture. Because 
this material can be formulated to have a negligible expansion coefficient, 
it could become invaluable for reducing thermal stresses in coating design. 
The melting point of the hafnia-rich mixture is slightly below the arbi- 
trary limit of 4300 F, but it is not so low that it cannot be used in 
this program. 

In summary, filler materials selected for this program are: 

1 . Zirconia 

2. Thoria 

3. Barium zirconate 

4. Mixture of hafnia-rich oxides (MHRO) 

BINDERS FOR CANDIDATE FILLER MATERIALS 
Survey 

The only filler materials that were satisfactory for service to 4000 F 
and that were reported in the literature were ZrO^, HfO^, and ThO^. 

Binder systems used to cementitiously bond these oxides into useful 
products are described in the following paragraphs. 
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Binders for Zirconia 


Orthophosphoric Acid (H^PO^) . Orthophosphoric acid has been used as a 
binder for several refractory oxides, some of which set at room tempera- 
ture. Bonding of zirconia with H^PO^ does not occur at room temperature 
(Ref . 43 ), but it does occur when the system is heated between 800 F and 
1000 F (Ref. 3 and 17). The cementitious product is believed to be either 
ZrP 2°7 or Zr 3( p0 4)4 ( Bef * 3 )• A zirconia body bonded by H^PO^ and cured 
at 800 F (and having a porosity of 25 percent) was found to have a modulus 
of rupture of 1890 psi. The same material applied as a coating to an N-155 
alloy substrate with type 304 stainless-steel reinforcements was found to be 
very friable after being subjected to a "thermal drop (gradient)" test at 
2800 F. From the observation of strength deterioration and from weight loss 
studies, it was concluded that this cement is not stable at 2800 F (Ref. 3). 


Ammonium Dihydrogen Phosphate (NH^HgPO^). Ammonium dihydrogen phosphate 
bonds zirconia, when cured at 1000 F, presumably by the formation of 
Zr^(PO^)^. Bodies formed with this binder had a modulus of rupture of 
1500 psi, but the bond deteriorated at high temperature (Ref. 3 )• 


Fluophosuhoric Acids * Monofluophosphoric acid (H^PO^F) bonds zir- 

conia at room temperature to produce a hard, dense product (Ref. 3 , 16, 
44, and 45 ). When HgPO^F was reacted with mixtures of zirconia and 
NH^HgPO^ and cured at approximately 300 F, a modulus of rupture of 3800 
psi was obtained at room temperature (Ref. 3 ). Ammonium dihydrogen 
phosphate served to retard the reaction rate . Hexaf luophosphoric acid 
additions to zirconia, however, react immediately, making coating opera- 
tions difficult or impossible. 

From chemical reaction and X-ray diffraction studies, Bremser and Nelson 
(Ref. 16 ) concluded that the mechanism for bonding between H^PO^F and 
zirconia at 260 C (500 F) proceeds as follows. The fluorine from the 
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dissociated HgPO^F leads to the formation of an intermediate zirconium 
fluoride which then reacts with the phosphate ions to form zirconium 
pyrophosphate (ZrPgO^). The presence of an intermediate fluoride com- 
pound, ZrF^^HgO, was also indicated by Ed 1 in et al . from differential 
thermal analysis studies (Ref. 44). The dependence of strength on tem- 
perature for monoclinic (unstabilized) and cubic (calcia-stabilized) 
zirconia as determined by Bremser and Nelson (Ref. 16 ) is shown in 
Fig. 2 . 

The irregular dependence of strength on temperature for the calcia- 
stabilized body was believed to result from the formation of one or more 
calcium compounds which undergo changes with increasing temperature . 

For the calcia-stabilized body, softening and plastic deformation occurred 
at 1200 C (2200 F). At 1240 C (2270 F), the presence of a fluid phase 
was indicated because the specimens deformed under their own weight. For 
the unstabilized body, there was some decrease in strength at 1240 C, 
but the specimens showed brittle frppture . After prolonged heating at 
2800 F, the stabilized zirconia converted to unstabilized zirconia; this 
should be expected because the calcia stabilizing agent is no longer in 
solid solution in the zirconia lattice. 


Hydrofluosilicic Acid (HgSiF^). Hydrofluosilicic acid bonded calcia- 
stabilized zirconia, but the strength (modulus at rupture) at room tem- 
perature was only 600 to 950 psi. Nevertheless, this binder was judged 
as good as or better than, monofluorophosphoric acid by the investigators 
(Ref. 4). 

Hydrofluosulfonic Acid (HSO^F). Hydrofluosulfonic acid bonds zirconia, 
but these bodies are very difficult to prepare (Ref. 4 ). Noxious fumes 
evolve, the slurry is thixotropic, and the composite bloats during curing. 
Because of these difficulties, very little work has been performed with 
this binder. The only information reported describes an extremely hard 
body when cured at 450 F that could not be scratched with steel . 
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Alkali Silicates . Alkali silicates bond zirconia, yielding bodies with 
high cured strength, good thermal shock resistance and use-temperature 
as high as 4000 F (Kef. 17). Zirconia bodies bonded with KgSiO.* appeared 
to have somewhat higher cured strength and more refractoriness than those 
bonded with NagSiO^. Bodies bonded by KgSiO^ were fabricated by combining 
zirconia powder with an aqueous solution of KaSil88 (Philadelphia Quartz 
Co.) which undergoes a "water glass" type reaction to produce the KgSiO^ 
cement . 


Sulfuric Acid and Nitric Acid . These acids bond zirconia when cured at 
temperatures of at least 600 F. Bodies cured at 800 F could not be 
scratched with a steel knife blade and sulphate-bonded zirconia has been 
used at temperatures as high as 4300 F (Kef. 51) but the bonding mechanism 
was not reported. 


Astroceran . Astroceran is a commercial proprietary cement (American 
Thermocatalytic Corp.) which is claimed to have a maximum service tem- 
perature of 4400 F, to bond zirconia, and to withstand severe thermal 
shock (Ref. 46). Furthermore, it is reported as having a tensile strength 
of 10,000 to 15,000 psi, a compressure strength from 80,000 to 150,000, 
and a modulus of rupture close to 23,000 psi. 


Other Materials . Other materials that were reported as. unsatisfactory 
binders for zirconia include: 

1. Dolomite and calcium hydroxide 

2. Magnesium zirconate, calcium zirconate, and magnesium zirconium 
silicate with ammonium dihydrogen phosphate 

3 . Sodium carbonate 

4. Aluminum sulphate 

5 . Tannic acid 

*The molecular constitution of potassium and sodium silicates is not exactly 
K SiO and Na Si0„, but these symbols were used for convenience. 

£ J £ J 
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Oxalic acid 


7. Butyric acid 

8. Sodium tetrapyrophosphate 

9. Aluminum chloride 

10. Aluminum phosphate 

11. Ammonium phosphate 

12. Ammonium tartrate 
13- Bentonite 

14. Hydrochloric Acid 

15. Calgon 

16. Mono-DiN butyl an butyl amine 

17. Silicic acid 

18. Ammonium sulfate 

19. Aluminum sulfate 

20 . Boron phosphate 

21 . Sodium borate 

22. Citric acid 

23. Sebacic acid 

24. Monochloracetic acid 

25. Sulfamilic acid 

26. Chromic acid 

27* Toluene sulfonic acid 

28. Aluminum acetate 

29. Ammonium fluoroborate 

30. Ammonium molybdate 

31 . Ammonium oxalate 
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32. Ammonium fluoride 
33* Ammonium thiocyanate 

34. Ammonium vanadate 

35. Magnesium perchloride 

36. Glacial acetic acid 

37. Oleic acid 

38. Urea 

39. Stearic acid 

40. Boric acid 

41. Laurie acid 

42. Strontium hydroxide 

Binders for Hafnia-Rich Mixtures 

A hafnia-rich mixture of oxides* (proprietary to Rocketdyne) is another 
candidate filler material. The advantages of this material is its low, 
almost negligible, thermal expansion coefficient, and its high melting 
point. The major portion of this oxide mixture consists of hafnia and 
zirconia. Because these oxides are identical from a chemical standpoint, 
the mixture of oxides should behave similarly to commercial zirconia. 
Hence, the information on binder systems discussed previously for zirconia 
should apply to hafnia-zirconia mixtures as well. 

This is a prediction, however, because cementitious bonding of the partic- 
ular hafnia-rich systems referred to here has never been studied. 


*A11 zirconia, except reactor-grade zirconia, contains between 2 and 4 
weight percent hafnia. 


A- 83 


Only one reference in the literature (Ref. 47) » includes pertinent in- 
formation on the cementitious bonding of hafnia. In this study, a par- 
ticular grade of hafnia was found to be superior to cementitiously bonded 
zirconia. This conclusion was based on hardness-after-curing data and on 
erosion-oxidation during 4000 F tests. When that specific source of hafnia 
became unavailable, however, cementitiously bonded hafnia bodies made with 
hafnia from other sources was found to be inferior to cementitiously bonded 
zirconia bodies. Reasons for the decrease in performance of cementitiously 
bonded hafnia bodies was attributed to impurities in the available hafnia 
powders rather than to reasons inherent to the cementitious bonding 
reactions . 


Binders for Thoria 


Orthophosphoric Acid (H^PO^) . Thoria bonded with H^PO^ was found to pro- 
duce weak bonds compared with oxides having smaller cationic radii, namely 
beryllia, alumina, iron oxide, and magnesia (Ref. 43). Another investiga- 
tion (Ref. 17) reported that H^PO^-bonded thoria had good thermal shock 
resistance, low shrinkage, and a crushing strength of 8000 psi. Another 
binder was selected for thoria bodies as being better, however, because 
of a bloating problem at elevated temperatures. Orthophosphoric acid was 
eliminated as a binder for thoria bodies in another program because H^PO^- 
bonded thoria bodies deformed under a load at elevated temperature; zero 
percent deformation was observed at 2500 F, 20 percent at 3000 F, and 
60 percent at 3500 and 4000 F under a load of 14 psi. A binder (Tl^NO^)^) 
that did not form any liquid phases was selected in this program. 


Potassium Silicate (KgSiO^) . Potassium silicate was found to be the best 
binder for cementitiously bonded thoria heat shields developed for re- 
entry vehicles (Ref. 48). Potassium silicate bonded thoria bodies had a 
crushing strength of 6500 psi, low shrinkage, good thermal shock resist- 
ance, and adequate refractoriness. No apparent change (melting) was ob- 
served in bodies heated to 4600 F. 
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Five grama of KgSiO^ (plus 0.3 gram of a setting agent, Na^SiF^) was the 
minimum amount that gave adequate cured strength. The curing cycle was 
overnight at ambient conditions, 24 hours at 150 F, 2 hours at 200 F, 
and 2 hours at 300 F. 


) Plus Colloidal Zirconia. Thoria bodies bonded 
Philadelphia Quartz Co.) and colloidal zirconia 
■were reported in screening— type studies to be weaker than thoria bodies 
bonded with Th(N0^)^ (Ref. 17). This binder system was, thus, eliminated 
from further study and not reported in detail. 


Sodium Silicate (Na ^SiO^ 


with Na o Si0_ (grade "K", 


Thorium Nitrate (Th(N0^)^). Reference 48 reported the use of Th(N0^)^ 
as a binder for thoria bodies used as re-entry heat shields. Screening 
test results were not reported in detail, but Th(N0^)^-bonded bodies 
were reported as being weaker than H^PO^-bonded thoria bodies and that 
KgSiO^-bonded ThOg bodies were better than H^PO^-bonded ThOg bodies. 

Thus, Th(N0j)^ was not found to be the best binder, nor even the second 
best binder, for ThOg bodies. The curing cycle was 24 hours overnight, 

2 hours each at 200 and 300 F, 6 hours at 450 and 600 F, and 2 hours at 
1000 F. 

Conversely, in an earlier program, in which a thoria oxidation protective 
coating was developed for a tungsten substrate, Th(N0^)^- bonded thoria 
was selected as the best binder system for that application (Ref. 5 )• 
Th(N0^)^ was determined to be the best binder for thoria because no 
liquid phases formed due to the presence of the binder to the melting 
point of thoria. The thoria powder sintered during service conditions 
but shrinkage was restricted to less than 1 percent by proper selection 
of particle size fractions. The best composition contained 5 percent 
Th(N0^)^ and had an average modulus of rupture of 1050 psi after anneal- 
ing 2 hours at 2200 F. The curing cycle was 2 hours each at 200, 300, 
400, 400, and 60R F. 
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Colloidal Zirconia and Colloidal Alumina . Colloidal zirconia and alumina 
were studied as binders for thoria bodies in Ref. 5. These materials 
were not found to act as binders because the composite bodies lacked 
strength and shrank considerably. 


Selected Binders 


Based on the literature, one specific binder for each filler cannot be 
selected. This does not mean that the literature is necessarily con- 
tradictory; it means that meaningful comparisons of filler-binder systems 
are not possible. Various binder systems were either not compared in 
the same program, or they cannot be compared in different programs be- 
cause they were prepared by different techniques, prepared using different 
raw materials, and tested in different ways. Another factor when evalu- 
ating binders by comparing products developed in different programs is 
that the development of these products is to some extent an art because 

of the complexity of the systems. These systems involve so many impor- 

) 

tant variables* that comparisons of different coating systems developed 
by different, and even by the same, investigators are not clearly defined. 

Thus, the selection of binders can only be reduced to four, and each of 
these must be evaluated through tests especially designed for this program. 

The best binders that are selected for evaluation in this program for 
each of the four oxides are : 


1. HgPO^F 

2. H 2 SiF 6 


*Important variables include: (l) filler composition, impurity content, 

grain size, grain size distribution, grain shape, grain surface energy; 

(2) filler-to-binder ratio and water content; (3) binder chemistry, con- 
centration, curing temperature, thermal stability; (4) effects of addi- 
tives, such as mold release agents, chemical reaction inhibitors, setting 
agents, deflocculation agents; ( 5 ) system rheology; (6) mixing and coating 
techniques; ( 7 ) time-temperature-atmospheric relationships under curing 
and service conditions; (8) stress levels due to geometry and testing 
procedures. 


A- 86 



3. K 2 Si0 3 

4. Th(N0 3 )^ - for TfaO^ systems only 

5. Proprietary binders that have not been evaluated previously, 
and that meet the requirements of this program. 


INTERMEDIATE LAYERS AND REINFORCEMENTS 
Intermediate Oxide Lavers 

Potentially useful filler oxides for the intermediate layers include 
most of those listed in Table 2 . When the criteria outlined in the pre- 
vious sections, except for melting temperature, are applied, however, 
the list is reduced to Just three: alumina, mullite, and zircon. The 

rest of the oxides are eliminated, among other reasons, because 
cementitiously-honded composites have not been studied and developed, 
whereas several cementitiously bonded systems have been developed using 
alumina, mullite, and zircon (Ref. 1, 12 through 15 , 17, 33, 43, and 

49 through 5^ . A complete description and analysis of these systems 
is not justified at this stage of the program, however, because they will 
be considered for use only if it becomes necessary based on the failure 
analyses of the first series of arc-plasma tests. 


Glass Adherence Laver 

A special layer of glass for attaching the heat barrier coating to the 
substrate and for relieving thermal stresses was discussed in an earlier 
section of this report. This special layer of coating will not be in- 
vestigated, however, until there is proof for its need. The purpose of 
the first series of arc-plasma tests is to evaluate existing materials 
and to determine by failure analysis what changes in design and what 
improvements in materials are required. Thus, the use of a special ad- 
herence layer will not be investigated until the lack of adherence is 
shown to actually be a problem. 


A-87 


Should the arc-plasma tests demonstrate that the lack of adherence is a 
major problem in the development of a heat barrier coating, then glass 
adherence coatings will be evaluated during the second series of arc- 
plasma tests. The properties of this glass will be based on the criteria 
specified in a discussion earlier in this report. Careful attention in 
selecting a glass coating will be given to adherence to Hastelloy-X, 
thermal expansion coefficient (which should be approximately between 
that of the heat-barrier coating and Hastelloy-X), softening temperature 
range, and application temperature. This glass will not be developed in 
this program; one of several commercial porcelain enamel formulations 
should be satisfactory for evaluation of the glass adherence layer theory. 
Examples of useful formulations are NBS 418 and the Solaramic series 
(Solar, Division of International Harvester, Inc.). These will be selected 
at the appropriate time based on vendor specifications. 


Strain Accommodation Layer 

A ductile base layer (strain accommodation layer) for relieving stresses 
in the coating was discussed in the section of this report on thermal 
stress analyses. The layer must have a low yield strength, must not melt 
or become exceptionally weak to 1600 P and must be compatible with the 
coating material and the metal chamber wall. 

For initial tests to evaluate the usefulness of stress accommodating 
sublayers, copper and nickel will be used because they, are readily avail- 
able and inexpensive, have been studied extensively, are easy to apply, 
melt above 1600 P, and have a low yield strength at 1200 P, the service 
temperature of this layer. 

The metal layer can be applied by electroplating, brazing, or melt 
spraying. Melt— spraying will be used to make initial specimens because 
of the convenience and low cost of this coating technique. Coating 
thickness will approximate the thickness of the so called "adherence" 
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layer commonly used under melt-sprayed heat barrier coatings. This 
thickness is approximately 3 mils and will not present a significant 
resistance to heat flow through the metal wall-heat harrier system. 


Reinforcements 


As discussed under this subject in a previous section of this report, 
reinforcements cannot be designed, nor can potential materials be selected 
until after the failure analyses of the first series of test specimens 
tested in the arc-plasma. 

If metal reinforcements are required to improve failure resistance of 
the heat-barrier coating, it is likely that they will be welded, melt 
sprayed or electroformed in place on the metal substrate. Metal rein- 
forcements for welding or for melt spraying will probably be made of 
type 347 stainless steel, Inconel, or Hastelloy-X, Refractory metals 
and alloys cannot be used because they cannot be protected sufficiently 
from oxidation. Electroformed reinforcements must be made from pure 
metals rather than from alloys, and chromium will probably be best be- 
cause it is strong and has a high melting point. 

If fibrous ceramic reinforcements are required to improve failure re- 
sistance of the heat-barrier coating, alumina fibers will probably be 
used. It is doubtful that other fibers will meet the design require- 
ments. Design requirements for ceramic fibers include: (l) a high- 

melting point (3000 F or higher), ( 2 ) stability in oxygen (they must be 
oxides), ( 3 ) high tensile strength (polycrystalline fibers will be too 
weak), and ( 4 ) availability at reasonable cost. 


COATING DESIGN 


General 


Whereas the literature was useful in the selection of filler-binder systems, 
the literature is of little value in guiding coating design. Only four 
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programs reported in the literature describe the design and development 
of slurry-type heat-barrier coatings (or heat shields) for use at or 
above 4000 F (Ref. 3,5, 12, and 2l) . And because the purposes and 
the objectives of these past programs were vastly different from those 
of this program, the design factors were also vastly different from those 
of this program. For example, differences in design include: 

1 . Heat fluxes that were a factor of 10 smaller. Maximum heat 
flux values reported in the literature were less than 4 
Btu/in, -sec, with 2 Btu/in. -sec being more typical. The 
heat flux through the coating in this program will be 20 
Btu/in .^-sec. 

3 

2. Heating rates that were a factor of 10 slower. Typical time 
to reach equilibrium temperature was approximately 60 seconds, 
or an average heating rate of 100 F/sec, Heating rates for 
the thrust chamber wall in a high-performance rocket engine 
will be approximately 100,000 F/sec. 

3. Temperature gradients that were a factor of 30 lower. The 
highest temperature gradients reported in the literature were 
approximately 10 F/mil, or 10,000 F/ inch . Gradients across 
the coating in this program will be on the order of 300,000 
F/inch. 

4 

4. Thickness values that were up to a factor of 10 times higher. 
Thicknesses of heat-barrier coatings ranged between l/4 and 
3/4 inch. Thicknesses for coatings in this program could be 
as low as 0.0035 inch. 

5. Geometry that was different. Coatings and shields reported 
in the literature were developed for the ouuer surfaces of 
leading edges, or for convex surfaces with relatively large 
radii of curvatures which were measured in inches. Coatings 
developed in this program will be initially tested on flat 
surfaces but they will be eventually designed for the inside 
surface of a thrust chamber. These surfaces are both concave 


A- 90 



and convex depending on which way a plane is passed through 
the chamber . Moreover, on a smaller scale and assuming the 
coating is applied in a tubular chamber wall, surfaces change 
from concave (cuspids) to convex (crowns) every tube diameter, 
which is measured in fractions of an inch in this case. 

6. The substrate properties were different. One of the most 

important design considerations in minimizing thermal stress 
is the matching of thermal expansion coefficients and of 
elastic modulii between the substrate and the coating. Be- 
cause a specific coating performs well on tungsten, does not 
necessarily mean that it will perform well on Hastelloy-X, 
for example. Because substrate materials for coatings re- 
ported in the literature were not the same as that for this 
program, the design factors for coatings reported in the lit- 
erature were vastly different from those in this program . 

Another point is pertinent in comparing state-of-the-art coatings with 
coatings required for this program. That is, because of the complexity 
in the design and materials development factors, state-of-the-art coat- 
ings were, at best, borderline in performance under the conditions for 
which they were developed. Coating systems were reported as being 
promising and adequate for the specific purpose that they were designed 
for, but none were reported as being a satisfactory or superior material. 
One coating system only had a modulus of rupture of 1000 psi at room 
temperature, and other systems were not much, if any, stronger. None 
of the systems survived more than one, or at most, a few thermal shocks, 
and none adhered to the substrate; all coating systems were held together, 
and to the substrate with metal reinforcements. Also, because coating 
design was limited in the extent that all coating systems were monolithic 
in structure, thermal stresses were not reduced by grading material prop- 
erties across coating thickness. 

Coatings designed and developed in this program for the extremely hostile 
environment of a rocket engine, therefore, must show a very large 
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improvement in the state-of-the-art, and they must he developed for the 
specific intended service conditions to he successful. 


Coating Constitution 

First generation coating designs for the first series of arc-plasma tests 
will consist of single layers of each of the four filler-binder systems 
applied directly on the Hastelloy-X substrate. Because these materials 
have not been evaluated under the conditions of this program, the use 
of simplified, ungraded coatings is a logical starting point. 

When graded and multilayer coatings are evaluated later during arc-plasma 
laboratory tests, there must be a basis for comparison. Results from the 
first series of testing will act, therefore, as a reference for subse- 
quent test results of more complex coating designs. 

Also, inasmuch as these complex coating designs must be based on the 
most important factors leading to failure of the particular materials 
systems involved, for efficiency, second generation coating systems 
and designs must be based on the failure analysis of first generation 
coating systems and designs. 


Coating Thickness 

Calculation . The thickness for ungraded layers of cementitiously bonded 
zirconia, thoria, HEMO*, and barium zirconate was calculated to be 3.5 
mils. The calculation was made using the equation 

t - R k , 

C C 9 

where t = coating thickness in inches, R = a coating thermal resistance 
of 140 in. -sec-F/Btu, and £ = an average value for coating thermal con- 
ductance of 2.5 x lO"""* Btu/in.-sec-F. 

*HRM0 = hafnia-rich mixture of oxides. 
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Thermal Resistance Value . The design value for the thermal resistance 


of the coating has varied during the Task I effort between 130 and 150 
in. -sec-F/Btu, depending on the parameters that were selected as being 
most accurate at the time. Because many of the variables used in this 
calculation are best estimates, such as average hulk coolant temperature, 
and gas boundary layer heat transfer coefficients on both the hot and 
cold sides, the required value of coating thermal resistance is also 
essentially a best estimate. Thus, a coating thermal resistance of 140 
in. ^-sec-F/Btu was used in these calculations even though this value may 
not be precisely consistent with other heat transfer calculations made in 
Task I. 


Thermal Conductance Value . It was necessary to estimate the average values' 
for thermal conductance of the cementitiously bonded composite because 
these data are unavailable for the composite materials. The thermal 
conductance values for the cementitiously bonded materials must be cal- 
culated by adjusting thermal conductivity values for the pure filler 
materials for (l) porosity, ( 2 ) concentrations of other phases (liquid 
and/or solid), and ( 3 ) effects caused by coating thickness and substrate 
emittance relationships. 

A porosity of 30 percent cam be assumed to be a good approximation for 
first generation coatings. Thirty percent porosity is slightly less 
than the porosity of most of the stronger cementitiously bonded materials 
reported in the literature. A low-side value was selected because surface 
effects of a very thin coating will cause the apparent porosity to be 
higher than that for a thick body prepared with the same material . The 
effect of such a high amount of porosity usually decreases thermal con- 
ductivity as compared to a completely dense body of the same materials. 
However, the selection of a precise thermal conductivity value must 
be treated sceptically because reported thermal conductivity values 
can vary considerably due to impurities, specimen history, and meas- 
urement techniques. Also, the pore size will have a large effect 
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on conductivity. When pore size is too small for convection to occur, 
conductivity is reduced; but when pore size is large, effective thermal 
conductivity can he actually increased because of the dominance of heat 
transfer by radiation, or by presence of a high conductivity gas such as H^. 

Thus, adjusting thermal conductivity to account for porosity and even 
selecting specific values from reported literature is not possible with 
a high degree of confidence. In this case, however, the effect of po- 
rosity will probably be to reduce the effective thermal conductance be- 
cause pores will be small and they will be continuous. 

Adjusting the thermal conductance of the composite coating for concen- 
trations of other phases is a complex procedure. First, the exact con- 
centration and composition of these phases must be known. But in the 
initial portion of this program the binder content will vary in both 
concentration and composition. Moreover, for many filler-binder systems, 
the exact composition and the exact concentration after and during heat- 
ing is not known with certainty because of variations in compound volatil- 
ity and in chemical reactions which depend on specimen history. Second, 
the effect of the location of the second-phase in the composite is dif- 
ficult to determine when calculating effective thermal conductance. 

This system differs from standard models that are used to develop thermal 
conductance equations. In a cementitiously bonded composite, the bonding 
agent will most likely be a continuous phase because it will cover all 
of the grains of the filler; yet the concentration of the bonding agent 
will probably be less than 10 volume percent. Thus, there is a continu- 
ous phase which is present at a concentration of less than 10 volume per- 
cent, and equations for this model are not known as well as for models 
having the continuous phase concentration larger than 10 volume 
percent. Therefore, although the binder should have a proportionally 
large influence on the effective thermal conductance of the composite, 
the extent of this effect cannot be calculated accurately. This in- 
fluence should be toward increasing the thermal conductance of the com- 
posite, however, because the filler materials already have the lowest 
thermal conductivity values of all oxides in this temperature range. 
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Effective thermal conductance of the coating will also he higher than that 
of reported values for the pure oxides because of the effect of thickness. 
Thermal conductivity values reported in the literature were obtained using 
relatively large, thick specimens, whereas thermal conductivity values 
required for this program are to apply to very thin layers of material . 
These thin layers are orders of magnitude thinner than the specimens used 
to measure hulk thermal conductivity. This thin layer of coating might 
he thought of as the skin of the large hulk thermal, and any abnormal 
effect on thermal conductivity due to this skin (at steady-state) would 
be so inconsequential that it would be unnoticed. Thus, it is possible 
that the effective thermal conductivity of material in the form of a 
thin layer, i.e., a coating, could he significantly different from that 
of the equivalent material in the bulk form. 

The effective thermal conductivity of a thin layer also could he different 
from that of the hulk material if the material were semitransparent to 
infrared radiation. Although the largest portion of heat is probably 
transferred to the coating by conduction and convection, a substantial 
proportion is probably transferred through the porous coating at high 
temperatures by radiation. Most bulk oxides are thought of as being 
opaque, but in reality, many of them are not; they are semiopaque or more 
familiarly, semitransparent. Therefore, if the material is thin and 
semitransparent, radiant heat can pass through the material more easily. 
Thus, the effective thermal conductivity of thin semitransparent layers 
could be higher than reported values obtained from measurements on large, 
thick specimens. 

The degree of transparency for the design materials in this program is 
unknown, but, some insight to the degree can be gained from an example 
of a similar material. A coating of alumina was found to be semitrans- 
parent to radiation at 1600 F until the thickness of that coating was 
increased to more than 40 mils, approximately factor of 10 thicker than 
first generation coatings in this program (Ref . 59)* 
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In summary, factors influence the effective thermal conductivity of 
candidate materials in the following way: 


Factor 

Porosity 

Presence of Binder Materials 

Semitransparency and Short 
Transmission Path 

Small Number of Reported 
Data 


Influence 

Decreases but can increase 

Increases 

Increases 

Decreases degree of confidence 


It is, therefore, apparent that selecting a precise value for the average 
effective thermal conductance of the composite for a temperature range 
is not possible. Rather, an estimation must be made based on the estimated 
range of thermal conductivity values that are possible. These estimates 
were made as follows. The thermal conductivity of zirconia at 3150 F 
(the average temperature across the coating) is approximately 1.4 x 10 ^ 
Btu/in.-sec-F (Fig. 9). Because the majority of the other factors in- 
fluencing effective thermal conductance indicate that the value will be 
on the high side, the value of 2.5 x 10 Btu/in.-sec-F was arbitrarily 
selected as the effective thermal conductance of the composite material. 

Even less data are available to aid in selecting the effective thermal 
conductivity value for thoria (Fig . 10 ) , barium zirconate, and HHMO . 

The value of 2.5 x 10 Btu/in.-sec-F was also selected for these ma- 
terials also because this value is logical based on the small amount of 
available data. 

The accuracy of this effective thermal conductance of these materials 
will be improved based on calorimetric measurements that will be made 
during the first phase of the testing program. The thermal resistance, 
and hence, effective thermal conductance, of the coating systems can be 



TEMPERATURE , 



y-tU-jq/rng ‘ All AllDflQNOO 1VWM3HX 


A- 97 


Figure 9 . Thermal Conductivity; Zirconium Oxide + Calcium Oxide (Ref. 42 and 60) 
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Figure 10. Thermal Conductivity: Thorium Oxide (Ref. 42 and 60) 




roughly calculated from calorimetric data obtained from arc-plasma testing 
using the relationship 


( T _ T ) 

Q/A h - c 


R + R 
m c 


■where 


Q = heat flow through the coating (obtained from the water flowrate 
and the change in water temperature) 

A = heated area (estimated from the known arc-plasma jet diameter 
and from the appearance of tested coating) 

® surface temperature of the coating (obtained from the corrected 
optical pyrometer reading) 

T c = cold-side temperature (estimated from the known water 
saturation temperature) 

= thermal resistance of the metal (calculated from R = t^/k^ ) 

R = thermal resistance of the coating (where R = t /k , and 
c c c c 

t c = coating thickness, and k = the effective thermal 
conductance of the coating.) 
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APPENDIX A-A 


STRESS-FREE CURVATURE FOR A COATING HAVING A LINEAR 
TEMPERATURE DISTRIBUTION ACROSS ITS THICKNESS 


Initially, a homogeneous coating of thickness t*. is assumed to he planar 
when a uniform temperature, T e> exists throughout. Heat is then allowed 
to flow through the coating, where, at steady state, a linear temperature 
distribution develops across the coating. A planar element, dz, located 
a distance, z, from the cooler (back) surface, will undergo thermal ex- 
pansion as a result of the increase in temperature from T fi . Letting L 
represent the original length of the coating, every element dz will in- 
crease in length to a value / (z) given by 

./(*.) = L [l + Of (T-T e )] (A-l) 

where a is the expansion coefficient and T is the temperature at z. The 
temperature T is a function of z under steady-state conditions according 
to the equation 

T « T. + ? z (A-2) 

i k 

where T^ is the temperature at the coating-metal interface. 

Thus 

0 

/(z) « L [l +a(T. - T e + | z)] (A-3) 

The strains in the coating can he related to the curvature of the coating 
by considering the diagram on the following page. 
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The length of any element dz is directly proportional to its distance 
from the center of curvature A. Thus 



(A-4) 


where and L q are the lengths of elements at the hot surface and at 
the central element, and p is the radius of curvature of the central 
element. Substituting Eq. A-l into A-4 yields 



1 + a (Tj-T) 


1 + a (T -T , 
v o e 


(A-5) 


Where T q and are the temperatures at Stations 0 and 1, respectively 
(see above sketch)« 
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(A-6) 


Rearranging gives 

V*[l +ce(T o -T e )3 

P •— 

and because oe (T -T ) « 1, 
' o e' 




t, because Tj = Tj + ^ (%), and T q = 




(A-7) 


(A-6) 
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APPENDIX A-B 


ADHESIVE FOECES BETWEEN THE COATING AND SUBSTRATE 
STRESSES NORMAL TO THE INTERFACE 

Stresses acting normal to the interface between the coating and the sub- 
strate may cause the coating to pull away from the substrate if these 
stresses are sufficiently severe. The magnitude of these stresses can 
be estimated from simplified considerations. 

The coating is represented as a flat sheet of thickness t . The coating 

c 

is subjected to a linear temperature variation through its thickness, de- 
creasing from the exposed surface to the coating-substrate boundary. The 
bending tendency of the coating is restrained by an external moment M such 
that the coating remains flat. Consider a planar element in the X-Y plane 
of thickness dz, a distance z above the colder surface of the coating: 


7ZZZZZZZZZZZL dz 


coating 
/ metal/ 


~r~n / 7 7^17 T 

The actual strain along the plane of the element, which shall he designated 
as (z), is related to the thermal and mechanical strain components by the 
equation 


€ (z ) = € 


*{• £ 

mechanical thermal 




«[t(z)-T 6 ] 


where 

<r( z) - the stress in an element located a distance z above the 
colder surface of the coating 

M *» Poisson's ratio 

Ot - expansion coefficient 

T(z) - temperature at position z 

■1 

T g = temperature where no thermal strains are present in the 
coating 
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Because the coating is completely restrained, the actual strains of every 
element are all equivalent. Thus 

€ (z) = € (z = 0) 

and 

<T (z) ^ + Ct [t(z)-tJ * <r(z = 0) a (f( z * o) - Tj 

or, rearranging 

<r(z) = a (z = 0) + [t(z = 0) - T(z) j 

Now 

T(z) = T(z = 0) + jj- z 


Thus 

cr(z) » <t(z = 0) - z 


(B-l) 


A condition of equilibrium of forces requires that 


<t(z) dz = 0 



Then 

t 

f o p (z * 0) ~ fS?5k *] iz - 0 

Integrating and rearranging gives 


a(z * 0 ) 


-f.gafe 

2(l-/i)k 



Thus, from Eq. B-l,< 


/ \ E a Q Tt c 1 

aM 'Tw5k L 2' Z J 

The moment in the coating that is equivalent to the external moment force 
is given by 


M = 



< t { z) dz 



z) dz 


1_ E«Q t 3 
12 (l-/i)k c 


The preceding expression gives, then, the moment that must be applied 
to flatten a curved coating in the stress-free state. This moment is 
supplied to the coating by the substrate through normal stresses at the 
coating-substrate interface. Consider the following diagram. The 


l 



coating, without interfacial forces, would bend as shown above. 

Normal forces , cfy, at the interface provide the moment required to keep 
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the coating flat. If the normal stresses are assumed to be uniformly 
distributed) the moment at the centerline for a coating of unit width is 
given by 


M = 



x <r N dx - (§) (§) 


Because 


F - L a. 


N 


then 


2 . 1/2 


M = + l <L 


1 T 2 „ 
8 N 


Thus 


L 2 a 


R 


I L 2 <r 
8 N 


l_ EotQ + 3 
12 (1-A*)k ® 


* = 2 e«6 V 

N 3 (l-^)k l 2 


(B-2) 


SHEAR STRESSES AT THE INTERFACE 

The shear stress at the coating-substrate interface depends on the rela- 
tive mismatch in thermal expansion between the metal substrate and the 
coating and the ductility of the boundary zone between the coating and 
substrate. If the average temperature of the coating'(located at the 
midpoint within the coating for the case of a linear temperature 
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distribution) is T„ and of the metal (located at the midpoint within 
the metal wall for the case of a linear temperature distribution) is T ffl , 
the average thermal strain of the coating and of the metal are 


c *= a (T - T ) 
c c v c e' 

€ = a (f - T ) 

m m m e' 


The actual (total) strain is the same in the coating and in the metal. 
Thus 



- T ) + a 
e' c 


E 


ot (T -T ) + cr 
m m e m 


C 1 - "m ] 


E 


m 


(B-3) 


For equilibrium of forces (assume unit width) 


t <7 

m m 


- t a 
c c 


(B-4) 


where t and t are the thicknesses of ■ the metal wall and coating, respectively . 
m c 


Thus, combining Eq. B-3 and B-4, and rearranging, 


ct m (T m - T ) - a (T - T ) 
m m e_ c c e_ 


4c 
E C V 


1 -u 


(B-5) 


m 


E 


m 


The average force in the coating is 

F -t c <r (b-6) 

This force mast be counteracted by the shear forces at the interface. 

If the shear stress T, which is zero at. the center of a slab of coating, 

increases linearly to a maximum f at the ends of the slab a distance 

max 

L/2 from the center, then at any position , x from the center 
t " r « < & > 
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The force transmitted by the shear stresses is 


F = 



T max 

4 


L 


(B-7) 


Equating Eq. B-5 through B-7 and rearranging gives 


4t a (T - T ) - ct (T - T ) 

c m N m e c N c e 7 

T max “ L 1 - /* t 1 - U (B-8) 

c __c m 

E t E 
c m m 
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APPENDIX A-G 


THERMAL STRESSES IN A TWO-DIMENS IONALLY INFINITE, PLANAR 
COATING-SUBSTRATE SYSTEM WI1H TEMPERATURE AND MATERIAL 
PROPERTIES VARYING THROUGH THE THICKNESS ONLY 


Consider a completely elastic, plane coating- substrate system of infinite 
extent along the plane subject to a temperature variation through the 
thickness. The ends of the plate (at infinity) are appropriately con- 
strained so that the plate remains flat at all times. 

1 

t c coating 

T(z) 

I t metal 


Consider a planar element in the x-y plane of thickness dz, a distance z 

above the origin (z =0). The strain at z parallel to the element (namely, 

€ and € which are designated simply as £, or £(z) at a distance z above 
xx yv 

the origin) is related to the thermal and mechanical strain components by 
the equation 

€ ( z ) ~ ^mechanical + ^thermal 

= *(■«) + tt(z) [T(z) - Tj (C-l) 

where 

(z) = the value of the accompanying parameter at the position z 

a = o and a , which are equal 
xx yy’ 

E - elastic modulus 

fl = Poisson’s ratio 


dz 


z 

4 


— L z = 0 
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Ot = linear expansion coefficient 

T = temperature 

T g = the temperature at which no thermal strains are present 
in the body 

Because E, fi, and a may be temperature dependent and because T = T(z), 
these parameters are a function of z also. 

At the cold metal wall (z = 0), 

e(o) - <r(o) + < *^ [ T ^ " T e] 

Because the original condition imposed was that the plate always remains 
planer, then a necessary condition is that 


c(z) = the same value at all z positions. 


Thus 


€(z) = €(o) 


and 


ffW + “ W [™ - T e] - 'W + “ W [ I(o) ' T J 




Rearranging yields 
E(z ) 


<r(z) = 


[l-//(z)] 


p (°) + «(«) [t(o) - Tj - Ct(z) [t(z) - Tj 

(C-2) 


A force balance in the x or y direction requires that 


/ 


t +t 
m c 


ff(z) dz = 0 
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Thus 



" W ‘d2wT ('-“WH- T e]| (C - 4) 

By comparison of £q. C-4 with Eq. C-l , it can be seen that I is equivalent 
to £(z) , the total strain undergone by each planar element. 
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APPENDIX A-D 


GRADED DISTRIBUTION HAVING THE CONDITION THAT o(T-T e ) 
IS CONSTANT THROUGHOUT THE COATING 


GENERAL DERIVATION 

Inspection of Eq. C-l or C-4 reveals that the mechanical strain component 

(€ _ ,) would be constant across the coating if the term 

' mechanical 7 

«■(*) [t(») - T g ] is invariant with z. The variation in a( z) would 
he small, depending only on how E(z) and fl(z) vary across the coating. 

Thus, the net moment in the coating will be small. 

The condition that Ct(z) ^T(z) - T g J be constant can be met if Of can be 
varied through the coating to compensate for the change in T(z). The value 
of Of can be made variable by using a graded coating. For a two-phase 
graded system such as a metal dispersed with a ceramic, the composition 
at any location z will be represented by V m , the volume fraction of the 
metal phase. 


The general condition sought is 
Ct (z) [T(z) - T e j = C 


where C is a constant. Differentiating gives 


dT(z) 



(D-l) 


The steady-state heat flux equation gives 


dT = - Q 


dz' 

k 


(D-2) 


where z' is measured from the hot surface of the coating, and k is the 
average thermal conductivity over the temperatures involved. 
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Equating Eq. D-l and D-2: 



Nov a and k are a function of V . This shall be expressed as 

m 

k = k(v m ) 

° - “(V 

Then substituting into Eq. D-5, and rearranging: 



If the metal used for grading is the same as the substrate metal, 


C = a (T. - T ) 
m' 1 e' 


where T^ is the temperature at the coating-substrate interface under 
steady-state conditions. Then 


dz / 


a (T. - T ) k(V ) 

nr 1 e 7 x nr 



Integrating gives 


a (t. 

/ m' 1 
z = : — ~ 



To solve this integral, the relations k(V ) and <*0^) must be known. 

An example of a solution where k(V m ) and a(V m ) are assumed to be known 
will be presented next. 
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EXAMPLE 


Using the form expressed in the text, 

k - >=(V.) - k c “P ( b 1 v nl ) 

« - «( V - + « c 

where 

- thermal conductivity of the pure ceramic coating 
= thermal expansion of the pure ceramic coating 
L, L = constants 

V 2 


Then 


a (T. - 


z - 


• - T ) /* V i 
i e 7 # 

Q J 

** g\ 


m k exp (b„V ) 
c r v 1 m 7 


b 0 V + « 1 
2 m cj 


[V. + “c] 


a (T. - T ) k b_ 
ra m i e 7 c 2 


Q 


2 /* ”e*P (bjV.) 

7 f V + a F " 

J 2 m c 

*^o L J 


This integral can be evaluated for different values of by graphical 
integration, where 

exp (b,V ) 

' 1 m 7 . , LL , 

is plotted vs V 

and the area under the curve is evaluated. 


bV + oi 
_ 2 m c 
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For a numerical example, let 


Now 


Then 


At V 


2 

Q « 20 Btu/in. sec 

k c = 2 x iO - '* Btu/in. -sec-F 
-4 

= 4 x 10 Btu/in. -sec-F 

a = 4 x 10" 6 F -1 

C 

a = 9 x lo" 6 F -1 
m 

T. = 1200 F = 1660 B 
x 

T = 0 F = 460 R 
e 

k 

b 1 - In ~ = 3.00 
c 

b =ce - cc = 5 x io“ 6 F” 1 

ra c 

exp (3 V ) 

z S s V 

5x 10 _6 V + 4xl0“ 6 2 m 

m 


(9xl0 -6 ) ( 1600-460 ) (2xl0 -5 ) ( 5xlO" 6 ) 


Z 


( 20 ) 


/V 

m 


z' = 5.11 X 10 


-2 f m «P (W .) „ y 


= 1, z ' = t ; thus 
n c 


t = 5.11 x 10 
c 


-2 f 1 ex P (^ m ) 

/ (5V m * 4) 


2 dV m 
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and the grading therefore can be made dimensionless 
z / /t o to yield 

exp (3V m ) 


r v 

, J " (5V + 

Jo x m 


*) 


d V 
2 ® 


z 1 


exp (3V ) 

7 £L- 0 d V 

(5V m + 4)2 m 


by using the ratio 


The integrals were evaluated graphically, yielding the plot given in 
Fig. 8 . of the test. The value for was found to be 6.25 x 10 J inches. 
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APPENDIX B 


EVALUATION OF THE THERMAL SHOCK TEST FOE ADHERENCE 

A series of specimens were made and tested to evaluate the usefulness of 
the thermal shock test to this program. The test was easy and it seemingly 
gave meaningful data. The phosphate-bonded ZrOg coating (B45) was used to 
prepare all specimens. Variables that were evaluated included as-received 
and grit blasted metal surface conditions, coating thickness, and cooling 
rate. Specimens in the first series of tests were cooled in still air. 
Results (Table B-land Fig.B-l) were meaningful because of the wide separa- 
tion in the failure temperature, 400 F, between coatings of the same 
thickness that were applied on as-received and roughened substrates. 
Coatings spalled at 1400 and 1800 to 1900 F, respectively. From a test 
point of view, 1800 F was too high because the coating-metal interface 
could conceivably oxidize enough to influence failure, This would be an 
unrealistic evaluation because the service temperature is theoretically 
only 1200 F, where oxidation does not occur in the short duty cycles of 
this program (less than 1 hour). Failure, therefore, should be induced 
near 1200 F in this test so that oxidation, and other factors, do not 
complicate interpretation of results. 

From the viewpoint of coating performance, test results were impressive. 
Three- to 4-mil thick coatings did not fail until cooled from 1800 and 
1900 F, and. 2-mil thick coatings only started to spall at 2000 F. And 
most important, failure was mainly cohesive rather than adhesive. Even 
after the coating spalled, the metal was still 80 percent covered with 
adhering fragments of the coating. Because failure was not of an adhesive 
mode, this adherence test as such, was not meaningful for evaluating degree 
of bonding of the coating to the metal substrate. 

To induce failure at lower temperatures, specimens were cooled faster 
after removal from the furnace by placing them in front of a large fan. 
Results (Table B-2), when adjusted for thickness, showed that faster 
cooling caused failure to occur about 200 F lower for coatings applied 
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on smooth substrates and 300 F lower for coatings applied on grit blasted 
substrates. Once again, however, failure of thin coatings, 3 to 4 mils 
thick, was cohesive, not adhesive. Coatings between 12.9 and 27. 7 mils 
thick, however, were found to fail by an adhesive mode. 

The effect of coating thickness is shown in Fig. B-l. Failure temperature 
dropped rapidly until coating thickness was about 3 mils, and then it 
dropped slowly with increased coating thickness. For a meaningful test 
in which the test was not too sensitive to coating thickness, then, coat- 
ing thickness had to be more than 3 mils. As it turned out, however, 
coating thickness had to be 10 mils or greater to induce failure at the 
coating-metal interface (adhesive failure). 

A following series of specimens was tested to evaluate reproducibility 
of test data. Significant data is shown by the open triangles which 
represent coated specimens that failed adhesively (Fig.B-2). These data 
show that all specimens with a coating thickness greater thanl2 mils 
failed when cooled from 1200 or 1300 F, and they failed by an adhesive 
mode. Specimens with coating thicknesses less than 10 mils failed co- 
hesively, and cohesive failure does not represent a useful index of degree 
of adherence. Most specimens with coating thicknesses less than 4 mils 
failed by a combination of both modes. These data were not meaningful 
because failure could have been influenced by oxidation of the metal at 
the interface, and oxidation at the interface is not representative of 
real service conditions where interface temperature should never rise 
above 1600 F, and only for short periods. 

Based on these initial studies, this technique for testing adherence did 
provide meaningful data for evaluating selected methods of improving ad- 
herence. More evaluation of the test itself is necessary, however, before 
a high degree of confidence could be placed in the unqualified meaning 
of results. Nevertheless, it was useful within the scope of this program. 
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COATING APPLIED ON AS-RECEIVED HASTELLOY-X 
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Figure B-l. Adherence Test Results: Thermal Shock Test 
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APPENDIX C 


HEAT FLUX CALIBRATION OF THE ARC-PLASMA JET TEST 
INTRODUCTION 

Measurement of heat flux under the arc-plasma jet test conditions was im- 
portant for: (l) verifying that the coated specimens were actually being 

tested at a heat flux of 20 Btu/in. -sec, and (.2) calculating the thermal 
conductance of the coating. Thermal conductance of the coating must be 
known within resonable accuracy so that coating thickness can be designed 
to provide the correct thermal resistance when coating performance is 
evaluated in a rocket engine test firing. 

Time and resources did not allow for a sophisticated method of measuring 
heat flux to be followed through a point of confidence. However, the 
following three different approaches for determining heat flux were taken 
within the scope of this program: (l) calculation using the Fourier heat 

conduction equation, (2) calculation using calorimetric data, and (3) 
measurement using a commercial heat flux gage. 

To calculate heat flux using the Fourier equation, thermal conductivity 
of phosphate-bonded ZrO^ had to be known. Thermal conductivity was de- 
termined directly by the flash diffusivity method (Appendix G), and 
indirectly by comparing calorimetric data between identical specimens 
from the arc— plasma jet test, one being coated with phosphate-bonded ZrO^ 
and the other being coated with phosphate-free ZrO^. The ZrO^ coating 
in the latter specimen was applied by arc-plasma spraying. Purpose of 
the latter method was to test the original assumption in Task I that until 
reliable data are available, the thermal conductivity of phosphate-bonded 
Zr0 2 will be considered to be the same as that of phosphate-free ZrO^ data 
reported in the literature. Results using the Fourier equation indicated 
that (l) arc-plasma jet tests in this program were actually run at 20 
Btu/in. ^-sec, and higher in some tests, and (2) the thermal conductance 
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of phosphate-bonded ZrO^ was, within experimental accuracy, the same as 
that of melt-sprayed ZrO^. Results using calorimetric data led to the 
same conclusion. 

The heat flux gage indicated that tests were run at lower heat flux levels, 
below 7 Btu/in.^-sec. Data obtained using the heat flux gage apparently 
in error, however, as will be discussed later in this Appendix. 

An explanation of the use of the three methods, plus sample calculations 
using typical test data, are presented in the following sections. 

CALCULATION USING THE FOURIER EQUATION 

Selection of Data 


Heat flux through the coated system was calculated using the one-dimensional 
Fourier heat conduction equation. 


.Q/A 


< T ha - V 

< B c + V 


where 

R = t/k 

Q/A = heat flux, Btu/in. 2 -sec 

T^ = hot-side surface temperature of the coating, F 

T = cold— side surface temperature of the metal, F 
cs 

R = thermal resistance of the coating, in. 2 -sec-F/Btu 
c 

R = thermal resistance of the metal, in. -sec-F/Rtu 

m 

t = thickness, inches 

k = thermal conductivity, in.-sec-F/Btu 
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When all parameters on the right-hand side of the equation are known, 
calculation of Q/A is straightforward. For the purpose of this calcula- 
tion, all parameters on the right-hand side were measured during testing, 
estimated, or obtained from the literature. Selection of values is ex- 
plained below: 

T is 50 F above the saturation temperature of the coolant water 
(Ref. l), or ca. 350 F under test conditions. 

R m was calculated using thermal conductivity data reported in the 
literature and the measured thickness of the Hastelloy-X substrate. 
The value was 60 in. ^-sec-F/Btu (see Appendix A). 

was obtained by using the optical pyrometer temperature plus a 
correction factor for emittance of the coated system. Emittance 
of ZrO , which vaires between 0.4 and 0.6 between 1500 and 4000 F 
(Ref. 2), was assumed to be 0.5. For an emittance of 0.5 and an 
optical pyrometer temperature of 4000 F, for example, the correction 
factor was 377 F (Ref. 3). Bat this correction factor seemed too 
high because the corrected melting temperature of phosphate-bonded 
ZrO^ would be about the same as that for phosphate-free ZrO^. Equiv- 
alent melting temperatures for the two materials could be the same 
provided that the phosphate in the outer layer of the cementitiously 
bonded ZrO^ volatilized leaving a phosphate-free layer of ZrO^o 
Nevertheless, a smaller correction factor was used to obtain low- 
side heat flux values. (All estimations and corrections were made 
so that a low-side heat flux would be obtained. ) The correction 
factor that was finally used was the difference between the reported 
and observed melting temperatures of phosphate-free ZrO^. Observed 
melting temperature was ca. 4450 F, whereas reported melting tem- 
perature was 4625 F (Ref. 4). Thus, a correction factor of 175 F, 
which was rounded off to 200 F, was used. Assumption was made that 
emittance of melt-sprayed and phosphate-bonded ZrO^ coating was the 
same. 
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R was calculated by dividing coating thickness by coating thermal 
c 

conductivity. Thickness was measured with a micrometer before 
testing and, in some cases, microscopically after testing. Thermal 
conductivity of melt-sprayed Zr0 2 was estimated by assuming that 
it was the same as ZrO Q with a porosity of 10 percent at an average 

« jr 

temperature of 2750 F. A value of 2.5 x lO -3 Btu/in. -sec-F (Ref. 4 
and 5) was used. This value was used for the phosphate-bonded ZrO^ 
coating also because, as shown later in this section and in Appendix 
G, thermal conductivity of both coatings is the same within experi- 
mental accuracy. 

Results 


Data from three typical arc-plasma jet tests were used for illustrative 
calculations (Table C-l). The calculated heat flux through specimen 72-6 
was 15 or 16 Btu/in. -sec in each test. Heat flux did not increase through 
this specimen when power was increased to the arc-plasma jet because coating 
thickness also increased. It was coincidence that heat flux remained 
constant in the four different test areas. Heat flux through specimens 
72-4, which had a comparable coating thickness, varied between 18 and 22 
Btu/in. -sec. Calculated heat flux of a similar specimen, except that 
it had a coating thickness of about 2 mils, is noteworthy. The heat flux 
that was required to drive surface temperature to comparable levels, 3800, 
3920, and 4000 F, was in the neighborhood of 45 Btu/in. 2 -sec, or more 
than double the design heat flux level. 

Thus, it is reasonable to conclude that heat flux was at, and well above, 
the design value of 20 Btu/in. 2 -sec in the arc-plasma jet tests that were 
run in this program. 
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CALCULATED HEAT FLUX THROUGH TYPICAL SPECIMENS TESTED IN THE 
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*An area of 0.07 in. was used to calculate flux, and values were reduced by 33 percent to 
compensate for spurious heat input. 

**Calculated using the heat flux gage data. 




CALORIMETRIC MEASUREMENT 


Procedure 

In theory, the procedure for measuring heat flux using the calorimetric 
method is simple: the increase in heat content of the cooling water 

per unit time is divided by the test area. Flowrate of the coolant water 
was measured with a standard flowmeter*, and water temperature was measured 
with an electrically insulated, iron-constantan thermocouple. 

In practice, however, measurement was complicated by two factors. One, 
a realistic value for heated area was difficult to determine. Two heat- 
affected zones were observed in some specimens during testing, depending 
on the type of optical filter that was used, and in posttest examination 
with the unaided eye. Test area as measured by several techniques is 
presented below: 


Description of 
the Ares 

Method of Measurement 

Measured 

Diameter, 

inch 

Area, 

. 2 
in. 

Outer Ring 

(l) Measurement with a cathetometer 
during testing, and ( 2 ) measurement 
with a ruler of the heat-affected 
area after testing 

7/16 

0.151 

Inner Circule 

(l) Size of the arc-plasma gun or- 
ifice (which was also the approxi- 
mate size of the arc-plasma jet), 
and ( 2 ) measurement of the heat- 
affected area after testing 

5/16 

0.0754 


Measurement of the brightent spot 
with a cathetometer and with a 
steel ruler during testing 

5/32 

0.0191 


The second reason results were unreliable was that a realistic value for 
heat input through the test area to the cooling water was difficult to 
obtain. Heat input values were too high because spurious heat got to 
the cooling water through the copper frame of the specimen holder and 


*Model 8-112, Brooks Ro tome ter Company, Hatfield, Pennsylvania 
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Two studies were made to obtajya approximate correction factors. j jta the 

fifst study, heat input from the arc-plasma jet through a copper plate, 

cJi i i'nr ■ 

which was held in the standard test fixture, was compared to heat input 

| L X i | gjif l i/^<? ■ 

through a flattened 3/8-ineh-diameter, water-cooled copper tube. Reasoning 

| X0J. | t/ 1 1 UOO 

was that the tube wbuld -only intercept a relatively small portion of spurious 


heat from the, arp-plasma jet compared to the large amount of spurious heat 
. that was picked, up by the large specimen holder, 5 /by 2 inches. The entire 


surface of the specimen holder was heated during testing by conduction 
through the copper frame and by convection of the arc gases that spilled 
around the fixture. Results are reported below as heat input to the 
cooling water (Btu/sec): 


fr’f-ff -foi OH -X. 
. , ! Arc , r . 

V / ‘hi idTh !:,■ i :■ 

-Amperage 

r T P- : P.p . -Q.r? ■ r. 

Copper Tube 

Copper Plate 

: TOT OTMO: 

'■ 0 : -.')/• J f/O ; 'T pO •: 

‘O'- ' 0”: ottoo: T'tT,;; 

JV, 

ed.T a;9*- 8 ;i r j 



n, 

... .. 2.1 

•* VO T 0 ;xf,- : J" :.?3T :;'.y ■ 

, .400 

, ; .1,. 3. ^ , 

. 2.4 , 


The data indicate that total heat input through a plate-type specimen is 
apj^oxi^tel^jr. Rouble : ;the heat input through the test area. 

r ■■■ 

In the second study, most of the heat that would normally pass through 
the test area was intercepted by a flattened 3/8-inch, water-cooled copper 
tube before it got to the test specimen. 


All of the heat input to the specimen in this test, thus, was spprious. 

Results are reported as heat input to cooling water (Btu/sec) on the 
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following page 
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Specimen 

Arc 

Amperage 

Heat Input to Specimen, Btu/sec 

With Copper Tube 
Intercepting the 
Arc-Plasma Jet 

Without Copper 
Tube 

Copper Plate With 

200 

43 

— 

Heat Flux Gage 

250 

50 

— 


300 

61 

103 


350 

65 

112 


400 

75 

l6l 


These results also indicated that approximately one-half of the total heat 
input to the cooling water was spurious; i.e. , it did not pass through the 
test area. 


Results 


Results of typical calculations using calorimetric data are given in 

2 

Table C-l. An area of 0.07 in. was used to calculate heat flux and re- 
sultant values were reduced by 33 percent to account for spurious heat 
input through the copper frame and through the remainder of the coated 
specimen. A correction of 50 percent based on the uncoated copper speci- 
men was considered high because less spurious heat would flow through a 
coated Hastelloy-X specimen. 

Calculated values varied between 12 and 26 Btu/in. ^-sec which brackets 

2 

the design heat flux value of 20 Btu/in. -sec. 

BEAT FLUX GAGE 
Description 

The heat flux gage*, which was based on the one-dimensional Fourier heat 
conduction equation consisted of three thin, flat, circular wafers of 
copper-constantan-copper that were sandwiched together and diffusion 

*Heat flux gage G-15-6, Greyrad Corporation, Princeton, New Jersey. 
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bonded. Electrically insulated thermocouple wires for measuring tempera- 
ture at the two interfaces (i.e. , temperature drop across the thickness 
of the constantan wafer) were extended out of the back of the gage. Heat 
flux was calculated from the measured temperature drop and the known thick- 
ness and thermal conductivity of the constantan wafer. Accuracy of con- 
stantan thickness was measured (by the gage manufacturer) to the nearest 
1/10,000 inch, and thermal conductivity as a function of temperature was 
reported** to the third decimal point in watts/cm/C. The gage was not 
calibrated. 

The gage was imbedded in the center of a 4. 5-inch copper sheet having the 
same thickness as the gage, 1/16 inch. Gage diameter was 1/8 inch so that 
it fit inside the arc-plasma- jet-heated area, thereby reducing radial heat 
loss. A l/32-inch gap electrically and thermally insulated the constantan 
wafer from the copper plate. The copper plate was mounted in a standard 
arc-plasma jet test fixture such that the back face was cooled the same 
as coated Hastolloy-X specimens. 

The plan was to test the gage first without a coating and then with a 3.5- 
mils-thick phosphate-bonded ZrO^ coating. Before the coating could be 
applied, however, the gage developed a water leak so that testing had to 
be stopped. Solder on the back side of the gage flowed toward the hot- 
side surface, creating water leaks and shorting the thermocouples. The 
gage was not repaired in time to continue testing. 

Results 


In the first series of calibration runs, the surface of the heat-flux gage 
was in the as-received condition, smooth and uncoated; in the second series 
of runs, it was roughened by grit blasting with -100 mesh garnet. Tarnish 
formed on the gage during the first run and remained there for all runs, 
finittance , thus, may have been closer to that of ZrO^, about 0.5, than 
to a polished metal surface of about 0.1. 

**By the supplier, Driver-Harris Company, Harrison, New Jersey 
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Calibration data for power settings from 200 to 400 amperes are listed 
in Table C-l andC- 2 , Coated specimens were typically tested at settings 

between 250 and 350 amperes. Calculated heat flux at a power setting 

2 2 
of 250 was 2.6 Btu/in. -sec on the smooth surface and 3*1 Btu/in. -sec 

on the roughened surface. These values are considered low, however. Heat 

flux through the uncoated metal specimen must be at least as much as, and 

most likely more than, that through a coated specimen. The previously 

described methods demonstrated that heat flux through a specimen coated 

with 3.5 mils of Zr 0 o under the same test conditions is about 20 

2 * 

Btu/ in. -sec. 

Possible reasons that the measured heat flux through the gage was low in- 
cluded (l) solder holding the gage in place migrated during testing and 
changed the emf characteristics of the thermocouple junctions, ( 2 ) re- 
ported thickness of the constantan wafer was in error, ( 3 ) low emittance 
of the copper surface, (4) shorting due to copper or tungsten impurities 
deposited by the arc-plasma jet, and (5) excessive radial heat flow. 

Change in heat flux as a function of distance from the center of this arc- 
plasma jet is shown by the data in the middle of Table C- 2 . Observation 
showed that the brightest stream of plasma gases overlapped the 1 / 8 -inch- 
diameter gage an estimated 1/16 inch. This is supported by the data in 
Table C-2 which show that as the gage was raised and lowered l/l 6 inch, 
the heat flux only dropped to 2.2 and 2.5 from 2.6 Btu/in. -sec. Heat 
flux was even proportionally high, 1.5 Btu/in. ^-sec, when this center 
stream of the jet was moved away from, but adjacent to, the gage. This 
datum shows that the high heat flux area is much larger than a diameter 
of 3 /l 6 inch. 
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TABLE C-2 


HEAT-FLUX GAGE DATA 


Surface 

Condition 

Arc 

Amperage 

Temperature of 
Constantan Wafer, F 

Thermal Conductivity of 
Constantan at Average 
Test Temperature, 
Btu/in.-sec-F x 10^ 

Gage 

Heat FJ^ux, 
Btu/in. -sec 

Cold 

Side 

Hot 

Side 


Of 

200 

172 

206 

2.78 

1.6 



250 

215 

369 

2.93 

2.6 



250 

215 

270 

2.93 

2.6 



300 

275 

349 

3.11 

3.8 




280 

356 

3.14 

4.0 



350 

314 

412 

3.26 

5.3 




319 

417 

3.28 

5.4 



400 

348 

417 

3.41 

7.0 



250 

192 

224 

2.83 

1.5 


(Ga| 

*e was pos 

itioned ad; 

acent to, 

but outside of, the arc- 

-plasma jet) 



250 

215 

261 

2.91 

2.2 


(Gage was pos 

itioned l/l6 inch off 

'-center toward the top) 




250 

207 

258 

290 

2.5 


! (Gage was positioned l/] 

L6 inch off-center toward the bottc 

)m) 

(i 

0 

200 

192 

235 

2.83 

2.0 



200 

199 

245 

2.88 

2.2 



250 

301 

340 

3.01 

3.1 



300 

293 

374 

3.19 

4.3 


Surface Condition A: Smooth, uncoated, and tarnished due to testing. 
Surface Condition. B: Uncoated, gritblasted with -100 mesh garnet, and 

tarnished due to testing. 

Test Condition: Argon Plasma gas 

1-inch distance, arc-plasma gun to gage 
24.5 lb/min coolant water flowrate 
0.0060-inch constantan thickness 
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COMPARISON OF PHOSPHATE-BONDED AND PHOSPHATE-FREE ZrOg 
COATINGS IN ARC-PLASMA JET TESTS 


Purpose and Procedure 

The assumption that the thermal conductivity of phosphate-bonded ZrO^ 
is similar to that of phosphate-free ZrO^ was supported by the following 
experiments. Comparative merit in thermal protection between melt-sprayed 
ZrO (Phosphate-free) and phosphate-bonded ZrO was obtained by comparing 

Z fa 

coatings of the about same thickness under the same test conditions. Which 
ever coating system allowed the least heat to pass through to the cooling 
water, or had the highest surface temperature under equivalent test con- 
ditions, was the most protective; i.e., had the highest thermal resistance. 
Although some differences between the coatings were inherent (i.e., surface 
roughness, emittance, porosity, and thickness, they were minor within the 
scope of this type of calculation. Thickness of both types of coatings 
was not identical because selection of specimens with equal coating thick- 
ness was based on micrometer measurements, whereas the final thickness 
value was based on microscopic measurements which were usually different 
from the micrometer measurements. 

Test procedure was to adjust the power of the arc-plasma jet to produce 
surface temperatures (optical pyrometer) of 3500, 3750, and 4000 F. These 
test temperatures were difficult to obtain, however, because accurate ad- 
justment of the power controls during operation was not always possible 
and because temperature sometimes increased slightly during the test. 

Power is reported as arc amperage because voltage remained relatively con- 
stant between 28 and 30 volts while amperage was varied rom 255 to 390. 

Results 


The test data, which is shown in Table 
eludes that of thin (nominally 4 mils) 
melt-sprayed ZrO and phosphate-bonded 

im* 


C-3 and Figures C-l and C-2 in- 
and thick (nominally 10 mils) 
ZrOg (formulation B45) coatings. 
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Assumptions: Coolant-side temperature was 350 F in all cases. True surface temperature was the optical 
pyrometer temperature +200 F. Thermal resistance of the Hastelloy-X was 60 in. 2-gec-F/Btu. Thermal 
Conductivity of Zr0 o was 2.5 x 10~5 Btu/in. -sec-F. 



The thick coatings were tested so that differences in degree of thermal 
protection between the two types of coatings would he exaggerated. 

The data for the two types of coatings are difficult to compare for several 
reasons. One, coating thicknesses of the two types of coating were not 
the same. This fact was discovered after the tests were completed. Re- 
peating the tests with a number of specimens in hope that at least one 
of each would he of comparable thickness was not practical. Two, surface 
temperature of the melt-sprayed ZrOg coating was indefinite because of 
the formation of many small hot spots. These spots were several hundred 
degrees hotter than the rest of the coating in some cases and increased 
in population with temperature. Three, surface temperature and change 
in cooling water temperature data were questionable for the thick phosphate- 
bonded ZrOg coating. The coating cracked during testing and eventually 
spalled. Even a minute separation between the coating and Hastolloy-X 
substrate while calorimetric data was being collected would have caused 
an appreciable error due to the increase in the effective thermal re- 
sistance of the heat-barrier system. 


Data in Fig. C-l and C-2 were plotted as surface temperature versus two 
different parameters that are proportional to heat flux; viz., amperage 
input to the arc-plasma jet and rise in coolant water temperature. 

Although the data must be compared and analyzed with qualifications, it 
shows that the two coatings are similar in degree of thermal protection 
within the accuracy of this test. The phosphate-bonded ZrO^ coating was 
slightly more protective as shown in Fig. C-l because for a given amperage 
value (amperage is assumed to be proportional to heat flux) its surface 
temperature is higher. But the surface temperature should be higher in 
this case because thickness of the coating was slightly greater. 
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SURFACE TEMPERATURE (OPTICAL PYROMETER), 





SURFACE TEMPERATURE (OPTICAL PYROMETER), 


o A. 5-MIL THICK PHOSPHATE-BONDED Zr0 2 COATING 
Q 4-MIL THICK MELT-SPRAY Zr0 2 COATING 
• 10.5-MIL THICK PHOSPHATE-BONDED Zr0 2 COATING 

■ 9-MIL THICK MELT-SPRAYED Zr0 2 COATING 


RISE IN COOLANT WATER TEMPERATURE 


Figure C-2. Comparison of Calorimetric Data of Phosphate-Bonded and Melt 
Sprayed Zr0 2 Coatings, Rise in Coolant Water Temperature 
Versus Surface Temperature 




REFERENCES 


1. Jens, W. H. and P. A. Lattes, ANL 4627, 1 May 1957. 

2. Thermo physical Properties of Solid Materials, Vol. HI; Ceramics . 

• WADC TR 58-476 (AD265597), P 276, November I960. 

3. Campbell, I. E. , High Temperature Technology, John Wiley & Sons Inc. 
New York, p 341, 1956. 

4. Data Sheet . Norton Company, Refractories Division, Worchester, 
Massachusetts. 

5. Campbell, I. E. , High Temperature Technology . John Wiley & Sons Inc. 
New York, p 271, 1956. 



APPENDIX D 


PARTICLE SIZE DISTRIBUTION STUDY 

The purpose of the following study was to obtain high hulk density of ZrOg 
powders by recombining selected size distributions of available raw mate- 
rials. All ZrOg powders were -200 mesh. 

Packing efficiency was conveniently characterized by the bulk density. 
Procedure for determining bulk density of powders was simple, expedient, 
yet meaningful, and the data, as shown on the following figures, was re- 
producible. The procedure was as follows. Twenty-gram batches of powder 
were first weighed to 0.01 gram and thoroughly dry blended by hand. Then, 
the blend was poured in a 10- ce graduated cylinder, the powder was com- 
pacted by one of three methods, and bulk density was calculated by dividing 
weight by volume. Methods of compaction were (l) vibration, (2) vibration 
with a 160-gram weight on top of the powder, and (3) manually tapping 
(vertically) the base of the graduated cylinder on a rigid surface until 
the powder no longer compacted. About 100 firm taps were usually required. 


In the packing-efficiency study, blends of two size fractions were consid- 
ered. These size fractions were (l) a -200 +325 mesh, coarse fraction and 
(2) a -325 mesh, fine fraction. Larger-size fractions were not considered 
because the diameter of individual powders would be larger than the thick- 
ness of the 3. 5-mil coatings that were being developed for this program. 
Because the range of particle sizes that can be used is limited, packing 
studies of more than two fractions was impractical, and, consequently, 
only two size fractions were studied. 

Two types of fine and coarse fractions were employed. The first fine 
fraction, denoted as "Fine A", was the -325 mesh fraction of -90 mesh 
Zirnorite H grog (Norton Company). The second fine fraction, denoted as 
"Fine B", was as-received -325 mesh Zirnoirite I powder, which reportedly 
contained a higher proportion of extremely fine particles than Fine A. 
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The first coarse fraction, denoted as "Coarse A", was the -200 +325 mesh 
fraction of -90 mesh Zirnorite H grog, whereas the second coarse fraction, 
denoted as "Coarse B", was the -200 mesh fraction of -90 mesh Zirnorite H 
grog. 

On combining various proportions of Coarse A and Fine A, the variations 
found for bulk density are shown in Fig . D-l . A maximum density was found 
with a blend of 40 weight percent Coarse A and 60 weight percent Fine A. 

However, the as-received -200 mesh fraction of grog (Coarse B) was found 
to have a somewhat higher bulk density than the best reconstructed blend. 
Screen analysis revealed that this powder was a blend of approximately 
50-percent Coarse A and 50-percent Fine A. Apparently, the reconstructed 
blends could not be mixed efficiently. 

The packing efficiency of Coarse B grog, could not be improved by adding 
Coarse A or Fine A. Densities of the mixtures studied are represented 
by the shaded circles in Fig. D-l. 


Combinations of Coarse B and Fine B (instead of Fine A) were studied next 
(Fig, D-2). A maximum density (3.73 g/ce) was found for tamped blends with 
20 weight percent Fine B. This value was higher than the value of 3.57 
g/cc that was found for an equivalent mix using Fine A instead of Fine B. 

If compaction by vibration was utilized, instead of compaction by tamping, 
much lower densities were found. Densities of the blends in which the 
mixture was compacted freely by vibration are shown in Fig. D-2, These are 
compared in Fig. D-2 to densities obtained when a 160-gram weight was placed 
on top of the powder in the graduated cylinder during the vibratory com- 
paction process. In both cases, maximum packing efficiency was found when 
the blend contained 10 weight percent Fine B. 

Regardless of the method of compaction, the best packing was found when 
10 to 20 weight percent Fine B was added to Coarse B. 
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Xs-Screened -200 
Mesh Powder 



Figure D r l. Bulk Density of Blends of -200 + 325 Mesh and -325 
Mesh Zirconia Grog. 
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Figure D-2. Bulk Densities of Blends of -200 Mesh Grog 
and -325 Mesh Powder 






APPENDIX E 


SPECIAL SUBSTRATE PREPARATION STUDIES 


GLASS BASE COATING 

The purpose of the glass coating that was interposed between the Hastelloy- 
X substrate and the phosphate-bonded ZrOg (B45) coating was twofold: the 

glass will anneal at service temperatures (i.e. , between 1200 and 1500 F) , 
thereby relieving strains in the phosphate-bonded ZrOg coating, and it will 
attach the phosphate-bonded ZrOg coating to the metal substrate more strongly 
than it is possible without the glass coating. Adherence of the glass 
coating to the metal will be much stronger than that of the phosphate- 
bonded ZrOg coating to the metal. All glasses can be chemically bonded 
to any metal (Ref. 1, 2, and 3) and chemical bonding is at least 10-times 
stronger than mechanical bonding. On the other surface, the phosphate- 
bonded ZrOg coating can be bonded to the glass substrate by either of two 
techniques. One, development of chemical bonding between the two oxide 
materials should be possible and this has been indicated by the strong 
bonding of the B45 coating to smooth glass slides. To enhance this bond- 
ing by creating more surface area, the glass substrate can be roughened 
by a light grit blasting or chemical etch. Two, development of the best 
possible bonding can be accomplished by fusing the B45 coating to the 
surface of the glass coating. This was done by flash firing the coating 
at 1900 F for 1 minute. 

The glass coating selected for this study was Ferro 5210-2C*, a commercial 
product that was developed at Solar Division of Internation Harvester 
Company and has been in use for many years. Firing temperature (applica- 
tion temperature) is 1800 to 1900 F depending on time at temperature, and 
the glass will anneal at ca. 1200 F, the service temperature for this 
application. 


*Ferro Corporation, Cleveland, Ohio. 
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The first task of this study was to find the best firing temperature/ 
time relationship. Coated panels of Hastelloy-X were fired at 1600, 1700, 
1800, and 1900 F for 5 minutes. Coatings fired below 1900 F for 5 minutes 
were underfired; the surface was rippled and had a matte finish. Coatings 
fired at 1900 F were very good; surfaces were flat and glossy, indicating 
that the fine glass particles had fused into a dense, continuous coating. 
Firing time at lower temperatures, 1700 and 1800 F, was increased to 15 
minutes but firing was still imcomplete. Thus, firing parameters were 
set at 1900 F for 5 minutes. 

Adherence of the 5210-2C glass to the Hastelloy-X metal was tested by bend- 
ing coated l/2- by 2- inch tabs back and forth around a metal mandrel that 
was covered with masking tape. The number of bends required to break off 
the coating and the size of the mandrel are pertinent, but the most useful 
information from this test is the appearance of the metal substrate after 
the coating has been broken' off. The iiumber of flexes required to break 
a glass coating by bending over a given mandrel is as much a function of 
glass strength, surface condition, and thickness as it is of adherence. 

Even a strongly adherent glass coating will break off on the first bend 
if it is very thick, whereas a poorly adherent glass coating can withstand 
several bends before breaking off if it is very thin. Thus, the critical 
observation is the condition of the metal where the coating broke off: 
a clean metal substrate shows poor adherence, whereas at other extreme, 
a metal substrate completely covered with adherent glass fragments shows 
excellent adherence. 

All coatings that were fired on clean but untreated Hastelloy-X surfaces 
showed poor bonding. Any glass can be made to chemically bond to a metal 
under certain controlled conditions, but finding the conditions can be 
difficult. Fortunately, for a silicate glass applied on Hastelloy-X, 
finding these conditions was relatively straightforward. One reason 
was the adherent, uniform oxide layer that can be formed on the Hastelloy- 
X surface, which was one of the reasons Hastelloy-X was selected. Chemical 
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bonding is produced when the right amount of oxide forms on the metal 
surface, dissolves in the glass, and saturates it at the interface. The 
easiest way of producing strong chemical bonding then is to produce the 
needed amount of oxide on the metal before coating. So the problem, then, 
is to find a combination of preoxidation and coating application parameters 
that produce strong adherence. 

To this end, Hastelloy-X substrates were oxidized at 1800 and 2000 F for 
1 hour, and then the glass was applied at 1900 F for 5 minutes. Adherence 
of coatings applied over the substrates preoxidized at 2000 F for 1 hour 
was excellent. This set of application parameters, preoxidation at 2000 F 
for 1 hour and coating fired on at 1900 F for 5 minutes, was selected without 
further investigation. 

MACROETCHING STUDY 

Four etchants for Hastelloy-X were selected for evaluation. Compositions 
were : 


1, Aqua Regia 

HNO^ (concentrated) 

5 milliliters 


HC1 (concentrated) 

25 milliliters 


h 2 ° 

30 milliliters 

2. Nitric-Hydrofluoric 

HNO^ (concentrated) 

20 milliliters 


HF (48 percent) 

15 drops 

3. Nitric Acid 

HNO^ (concentrated) 

30 milliliters 


h 2 ° 

70 milliliters 

4. Ferric Chloride 

FeCl 3 

10 grams 


HCl (concentrated) 

2 milliliters 


H 2 ° 

95 milliliters 


For an initial evaluation of these etchants, Hastelloy-X tabs (l/2 by 2 
inches) were put in about 50 milliliters of solution so that only half of 
the tab was immersed. Specimens were etched for 17 hours at ambient 
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temperature. Results were; 


Etchant Immersed ffastell oy-X Surface 


1. Aqua Regia The metal surface was severely corroded 

at the etchant/air interface. Grain 
boundary corrosion appeared at a mag- 
nification of X50 to be as deep as the 
width of the grains. Roughness dimin- 
ished rapidly in the emmersed part 
away from the air/etchant interface. 


2. Nitric-Hydrofluoric 


Etching was barely visible at a 
magnification of X50. 


3. Nitric Acid 

4. Ferric Chloride 


i No etching at a magnification of X50 
j was visible 


Finding an ideal macroetchant and determining optimum etching parameters 
was beyond the scope of this program. Selectively etching grain boundaries 
to provide a rough surface with undercuts without, at the same time, im- 
pairing the metallurgical properties of the metal is a complex undertaking 
(Ref. h). The aim of this study was, then, only to provide a satisfactory 
macroetch for showing that the technique was or was not better suited to 
this program than grit blasting or other methods of improving adherence. 

Thus, further studies were limited to aqua regia because it etched many 
times faster and deeper than the other etchants. 

To speed etching, the aqua regia was heated while being stirred continuously. 
No visible etching was observed in a short time, less than 1 hour, until 
the aqua regia was heated so that it fumed and boiled at approximately 
200 F» Then etching was rapid and sufficient within 1 minute. Apparently 
etching was by a vapor phase. 

Degree of etching was difficult to control and it appeared to be uneven, 
particularly in several specimens which had several deep pits on the sur- 
face. Effect on the strength and ductility of the 0.015-inch-thick 
Hastelloy-X was not determined, but the etched surface provided an 




excellent substrate for applying a coating. Surface roughness varied be- 
tween 150 and 280 microinches rms compared to a high of 200 microinches 
rms for grit blasted surfaces. 

Etching surfaces that had been grit blasted was unsatisfactory. Etching 
attacked the peaks of the grit blasted surface faster than the other areas, 
thereby smoothing the grit blasted surface, at least initially, rather than 
roughening it. There was no advantage, therefore, in starting with a grit 
blasted surface. 
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APPENDIX F 


ARC-PLASMA JET TEST DATA OF SPECIMENS COATED WITH 
PHOSPHATE-BONDED Zr0 2 


NOTES RELATING TO DATA 

1. An asterisk (*) after a coating thickness value means that the 
measurement was made microscopically on a mounted section using 
a calibrated eye piece. Otherwise all measurements were made 
before testing using a micrometer. 

2. Test Phase Explanation: 

Phase A: Steady-state conditions while surface temperature was 

measured with an optical pyrometer and change in cool- 
ant water temperature was recorded; time was 3 minutes 
unless otherwise specified 

Phase B: Twenty-five thermal shocks 

Phase C: Steady-state conditions long enough to measure surface 

temperature, about 2 minutes 

3. Abbreviations: 

NC = no change 

TS = thermal shock(s) 

HS = hot spot(s) 

LPSM ■» examination of the surface under the low-power stereomicroscope 

HPLM = examination of mounted sections using the high-power, 
light microscope 

NR = not recorded 
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ARC-PLASMA JET TEST SPECIMEN NO. 38-2 DATE: 14 June 1968 

Purpose or Special Notes : Oxygen at a 1:5 ratio- was mixed, within argon. 
The oxygen was added through the powder-feed port of the arc-plasma gun. 


Slurry B29: 10 parts Zr 02 Water Flowrate (NR) 

1.05 parts BS No. 4 


Test 

Area 


■ 

^water ’ 
F 

Test 

Phase 

Surface 

Temperature 

F 

Comments 

n 

1.8 

400 

6.6 

mm 

3900 

NC 


(wi 

thout 0 ^ 


B 

- 

NC 





H 

— 

Temperature was 3750 with BS 
at 3900 F 





■ 


LPSM: NC 

2 

1.6 

2 - 1 / 2 * 

450 

7-3 

B 

3900 

BS (4550 F) formed after 2 
minutes ' 


(wi 

thout 0 ,/ 


B 

- 

NC 





C 


10 small BS (4500 F) formed 
in center 

■ 






LPSM: NC 

3 

1.8 

450 

6.0 

A 

3500 

NC 



(with 0 r 
< 

) 

B 

- 

NC 





C 


NC 







LPSM: NC 

4 

1.7 

1 - 1/2 to 

2- 1/4* 

550 

7-5 

A 

3700 

NC' 



(with 0^ 

) • 

B 

- 

NC 





C 

3700 

NC except one BS (4350 F) 







LPSM: Indication that some 
Zr 02 grain were dis- 
lodged from the surface 

5 

1.8 

600 


A 

3900 

Burnout occurred when the 
(specimen was moved to center 
the arc-plasma jet 


[ 

(with 0 , 

>) 

[ ' 

1 

| 


LPSM: NC except that molten 

Bastelloy-X flowed oner 
the surface. No crack- 
ing or spalling. 


F-2r 











ARC-PLASMA JET TEST SPECIMEN NO. 39-1 DATE: 6 June 1968 

Purpose or Special Notes : 


Slurry B29 


10 parts Zr 02 
1.05 parts BS No. 4 


Water Flowrate (NR) 


Test 

Area 


Coating 
Thickness , 
mils 


Amperes 


AT 


water ’ 
F 


Test 

Phase 


Surface 

Temperature 

F 


Comments 


3-4 


400 


450 


A 

B 

C 

A 


4000 

4000 

4100 


3.9 

1- 3/4 to 

2- 3/4* 


4.4 

2 - 1 / 2 * 


450 


One faint HS formed 

NC 

NC 

1 small HS formed 

Burnout occured after 130 
seconds 

LPSM: Coating fused around 

the burned through hole 
but it did not crack or 
spall 

Immediate burnout 

[LPSM: Coating fused around 

the burnout. The coat- 
ing can be lifted off. 










ARC-PLASMA JET TEST SPECIMEN NO. 39-2 


DATE: 6 June 1968 


Purpose or Special Notes : 

The specimen was tested a second time at the end of the program using 
an argon/5$ hydrogen plasma gas. 


Slurry B29 : 10 parts ZrOg 

1.05 parts BS No. 4 


Water Flowrate 27 lb/min 


Coating 

Test Thickness, 

Area mils Amperes 


l ~2.5 


2 ~2.5 



Phase 


Argot /5$ hydroL 
in the following teB-qs 



‘/5$ Hg plasma gas 
iure argon was used. 


Surface 
Temperature , 
F 

Comments 

3800 

NC 

- 

NC 

3800 

NC except small HS (4000 F) 

4080 

Four HS (4170 F) on right 
side 

- 

Three small spalled areas 

4080 

NC 

4000 

NC, 2 l/2-minute duration 

gas was use 
s: 

d 

#* 

3900 

** 

3500 

** 

3350 

NC, 1-minute duration 

NC, 1 3/4- minute duration 

NC, 2 l/4-minute duration 
LPSM: The ZrO^ grains 

appeared grey in a white m 
matrix in areas 4, 5> and 6. 

pure argon 

vas used. 

to, estimate 
he coating. 

because of the formation 

the arc-plas 
ed; distance 

na gun was 1.2 inches when 
was 1.0 inch in all tests 











ABC -PLASMA JET TEST SPECIMEN NO. 40-2 


DATE: 27 June 1968 


Purpose or Special Notes : No fluorine was used in the f ormulation. 


Slurry : 10-g Zr0 2 Water Flowrate (NE) 

1.05-g H^PO a 



Coating 


AT , , 

water 


Surface 


Test 

Thickness , 


Test 

Temperature 


Area 

mils 

Amperes 

F 

Phase 

F 

Comments 

1 



* ‘ 



No data was collected 

2 

2.1 

350 

5-0 

A 

3670 



3-3/4* 



B 


Spot in center apparently 







spalled after two TS {itldid 
not; see LPSM) 





C 

3670 

NC 







LPSM: The coating did not 







spall but there was a 
dark spot on the 
surface 







HPLM; 1. Coating separated 







from substrate, hut 
many small fragments 
adhered 

2. Close packing of the 
ZrOg grains was noted 

3 

3.2 

400 

6.2 

A 

4080 

NC 


2- 1/2 to 

3- 1/2* 



B 


HS formed but no spalling 





C 

4080 

HS (4130 F) 



1 




LPSM: NC 



: 




HPLM: 1 and 2. Same comments 



: 




as in area 2. 







3. Outer 2/3 of the 
coating sintered 

4 

2.9 

450 

- 

A 


Started melting immediately; 
burnout occurred in 20 







seconds 

NOTE: One half of the coated specimen was soft. 

Tests were performed on the 

? 

half of the coated specimen that was hard. 


i 




1 

1 

1 — 
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ABC -PLASMA JET TEST SPECIMEN NO. 46-2 


DATE: 15 July 1968 



Slurry B35 : par * s ^r0 2 Water Flowrate 27-1/2 lb/min 


0.50 parts BS No. 4 



Coating 


AT . , 

water 


Surface 



Teat 

Thickness, 


Test 

Temperature 



Area 

mils 

Amperes 

F 

Phase 

F 


Comments 

1 

1-3/4 to 

350 

4.3 

A 

3800 

NC 



4* at edge 



B 

- 

NC 






C 

- 

NC 



A. 





LPSM: 

NC except surface may 
be smoother 







HPLM: 

1. Coating was adherenl 

2. No indication of 








sintering 

2 

1-1/4 to 

375 

5.0 

A 

4400 

BS in 

center; possibly fused 


2-3/4* 





LPSM: 

Center of test area was 
fused. The center was 
fused less and cracks 
formed in the peri- 
phery where fusion was 
more pronounced 

| 






HPLM: 

Surface fused 

3 

l-<-l/4 to 

•350 

4.3 

A 

4000 

NC 



2-1/4* 



B 

- 

NC 





I 

C 

4000 

NC 




| 




LPSM: 

NCJcoating was hard. 

No fusion or change in 








texture was noted 







HPLM: 

Incipient sintering at 
surface. No other 




' 




change 
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ARC-PLASMA JET TEST SPECIMEN NO. 54-2 DATE: 9 August 1968 

Purpose or Special Notes : The uoating was applied as two layers. The first 
layer was cured before the second was applied. 


Slurry B44 : ^ parts ZrO^ Water Flowrate 26— 1/2 lb/min 

0.5 parts BS No. 4 ■ 


Test 

Area 

Coating 
Thickness , 
nils 

Amperes 

AT vater' 

F 

— 

Test 

Phase 

Surface 

Temperature 

F 

• i ‘ ■ ' 

■| 

Comments ' 

B 

6.3 

300 

4.0 

R 

3880 

Temperature was 3760 at 
start 






- 

Temperature increased after 
12 TS. Spalled after 17 TS 

2 

7-0 

325 

3-2 

D 

4480 

Melted and started to flow. 
Stopped after 1 minute 

3 

6.8 

-300 

2.6 

A 

4100 . 

Temperature increased to 
4300 F after 2 minutes where 
incipient melting was 
observed 




- 



HPLM: The two layers of coat- 
ing separated 

4 

6.8 

275 

2.7 

A 

3700 

NC 





B 


HS formed after 15 TS. 
Spalled after 21 TS. (Coat- 
ings visibly separated from 
the substrate but did not 
break off.) 

i 

' 

i 

! 


I 

i 

i 

- 

HPLM: Boundary between the 
two layers of coating 
was visible in some 
areas but not in 
others 
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ABC-PLASMA JET TEST SPECIMEN NO. 55-2 PATE: 16 X 968 

gaypogg or Special Notea ) This specimen was sprayed with the same slurry 
immediately after the tubular NASA test specimen was prepared. 


Slurry B45 : 10 parts Zr0 9 Water flowrate 2? Ib/min 

1.1 parts Ba No. 4 


Test 

Area 

Coating 
Thickness , 
mils 

Amperes 

AT water’ 

P 



Test 

Phase 



Surface 

Temperature 

F 

Comments 

1 

% 4 

1- 3 A to 

2- 1 /2* 

350 

3.9 

A 

3800 

Two very small HS, NC 





B 

- 

NC 





C 

3800 

NC 







LPSM: NC 

: 

| 

j ‘ 


' 

1 


i 

. 

I 

i 

I 

■ 

I 

i 

HPLM: X. Coating was sepa- 
rated from substrate. 
This could very easily 
have happened during 
sectioning the speci- 
men for mounting. 

2. Consequently most of 
the coating was broken 
away during polishing 
because it was not sup- 
ported by the metal 

substrate . 

3. Sintering was ob- 
served nearer the 

j surface. 

2 

2.2 

1- 3A to 

2- 1/2* 

375 

1 4.5 

i 

A 

! 3920 

t 

1 

1 

Two very small BS (4170 F ) 
; formed after 2 minutes 





j B 

t 


NC except BS increased to 
4450 F 





c 

3920 

NC 







LPSM: Yery small fused beads 
on the surface 




* 


HPLM: 

HPLM: 1. Coating was attached 
to the metal in all 
areas 

2. Some thin areas sug- 
gested that the top 
layer broke off. 
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ARC-PLASMA JET TEST SPECIMEN NO. 55-2 (CONT.)DATE: 


Purpose or Special Notes; 



Coating 

Test Thickness , 
Area mils 


Amperes 


jr, Surface 

water’ Test Temperature 
F Phase F 


2.3* 



Comments 


3. Incipient sintering 
was observed at the 
surface 

Very small HS (4530 F) in 
single files forming snake- 
like patterns 
NC 

/ 

NOTE: It is significant that 
this coating did not spall 
and that the temperature did 
not increase during Phase C. 

LPSM: Very small fused beads 
on the surface. 

HPLM: 1. Most of the coating 
was detached from the 
substrate. 

2. Consequently most 
of the coating broke 
off during polishing. 

3. Sintering was ob- 
served at the surface. 
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ARC-PLASMA JET TEST SPECIMEN NO. 58-2 DATE: 1 August 1968 

Purpose or Special Notes : 


Slurry B44 : 10 parts Zr0 2 Water Flowrate 24^- lb/min 

0.5 parts BS No. 4 


Test 

Area 

Coating 
Thickness , 
mils 

Amperes 

^water ’ 
F 

Test 

Phase 

Surface 

Temperature 

F 

Comments 

1 

4.5,5* 

300 

3.8 

A 

3450 

Distance was 1— l/8 inch in- 
stead of 1 inch. Test was 
repeated at 1 inch in the 
same spot. 



300 

- 

A 

3540 

NC 





B 

- 

NC 





C 


NO 







LPSM: NC 







BPLM: NC 

2 

5* 

- 350 

4.7 

A 

4200 

Temperature increased to 
4400 F in the center, then 
after 2 minutes to 4460 F 
where melting was observed. 







LPSM: Slight surface fusion 
and microcracks. 







BPLM: Sintering and fusion 
(See Fig. 12^ 

3 

4.8 

325 

4.0 

A 

3850 

Temperature decreased to 
3800 F 





B 


HS formed after seven TS. 
Spalled after nine TS. 







LPSM: Large fused area; 

cracked and spalled 

4 

4.9 

325 

3-9 

A 

3815 

NC 





B 

- 

Spalled after seven TC. 




* 



LPSM: Fused and cracked.' 

BPLM: Detached from substrate 

NOTE: Failure was caused by 
poor adherence. 
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ARC-PLASMA JET TEST SPECIMEN NO. 66-1 DATE: 8 August 1968 


Purpose or Special Notes : The eoated Hastelloy-X specimen was dried,, cured, 
and tested without removing from the test fixture. In other words, the 
coated specimen was not flexed or crimped due to straightening in test 
fixture. 


Slurry B44 : parts ZrO„ Water Flowrate 27.5 lb/min 

0.5 parts BS No. 4 


Test 

Area 

Coating 

Thickness, 

mils 

Amperes 

^water* 

F 

Test 

Phase 

Surface 
Temperature 
F , 

Comments 

■ 

6.1 

300 

3.1 

A ! 

3600 

NC 





B 

- 

HS formed after four TS, 
spalled after 12 TS. 

2 

6.1 

350 

4.0 

A 

4320 

Started to melt after 50 
seconds 

3 

5>9 

325 

3.5 

A 

4065 

NC 





B 

“ 

Started spalling at the edge 
hy the gasket. Stopped after 
18 TS. 

4 

6.0 

300 

3-2 

A 

3650 

NC 

i 

■ / ! 



B 


Coating spalled after six TS. 
A HS formed during Phase A so 
the jet was moved to another 
area where no BS formed. 
Failure occurred at the orig- 
nial HS where adherence was 

L 

i 

i 

r 

' 

I 

1 




1 

poor. 











ARC-PLASMA JET TEST SPECIMEN NO. 68-2 RATE: 8 August 1968 
Purpose or Special Notes : 


Slurry B45 : 10 P arts ZrO Q Water Flovrate 26 lb/min 

1.1 parts BS No. 4 


Test 

Area 

• • — i i 

Coating 
Thickness > 
ails 

Amperes 

^vater* 

V 

Test 

Phase 

Surface 

Temperature 

P 

Comments 

1 

4.6 

500 

3.5 


3800 

NC 






3800 

NC 






3800 

NC 

2 

4.1 

350 

3.7 


4030 

HS (4160 P) at 10: o’ clock 





B 

• ~ " 

NC 





C 

1 

— 

NC 

i 

! 

i 

I 

1 

1 

A. 

1 

! 

] 

i 

i 

1 

j 



\ 




1 

1 

. l 
:] 


* 


•V,: .V- 













ARC-PLASMA JET TEST SPECIMEN NO* ?2»1 DATE: 21 October 1968 
Farpoae or Special No toe s Cal iteration Studies 


Slurry M 5 t 10 P arts Zr0 2 

1,1 parts BS No. 4 



Amperes 

^%ater * 
P 

Test 

Phase 

Surface 

Temperature 

F 

275 ; 

2.6 i 

&+ - 

3450 

'360 

3.7 

A + 

3820 

j 

350 , 

3.8 

A+ 

3725 

398 | 

j 

4.5 

1 a+ 

4000 

298 j 

3.4 

1 A+ 

3500 

339 | 

3.7 

i A+ 

3750 


Water Flowrate 24.5 Ih/min 


Comments 


5650 F at start 

NC 

NC 

BS (4100 F} in center 

Decreased f Edge of coated 
to 3450 F, specimen chipped; 

^vaier Va ®. 

I therefore Jugb 





ABC-PLASMA JET TEST SPECIMEN NO. 72-2 


DATE: 20 October 1968 


Purpose or Special Notes ? Calibration Study. Measurement of teat area 
diameter with a cathetometer. 


Slurry B45 : 10 P arts Zr0 2 
arts BS No. 


Coating 

Test Thickness, 

Area mils Amperes 


Water Flowrate 24.5 lb/min 


j. Surface 

water’ Test Temperature 
F Phase F 



Comments 


HS (4500 F) in center 


Measurements which varied 
from 0.125 to 0.188 inch di- 
ameter, were inaccurate be- 
cause the /Size, for one 
thing, was dependent on the 
type of optical filter that 
was used. 
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ARC-PLASMA JET TEST SPECIMEN NO. 72-3 DATE: 15 October 1968 
Purpose or Special Notes : 


Slurry B45 ! Water Flowrate 24.5 lb/min 


Test 

Area 

Coating 
Thickness , 
mils 

Amperes 

AT vater’ 

F 


Surface 
Temperature . 
F 

Comments 

B 

4.4 

300 

3-5 

A 

3560 

NC 



350 


A 

3680 

HS -3800 F; NC 





B 

- 

NC 





C 

- 

NC 

2 

4.2 

300 

3.8 

A 

3700 

NC 

3 

4.5 

370 

4.7 

A 

4000 

NC 

4 

3-4 

288 

3.1 

A 

3500 

NC 

5 

4.2 

370 

■ 

' 

A 

■ 

Temperature increased to 
4000 F, then 4200 F where HS 
formed , and then to 4500 F 









ARC-PLASMA JET TEST SPECIMEN NO. 72-4 DATE! 22 October 1968 

Purpose or Special Notea ! Calibration studies and test area measurement 
with a steel rule that was clamped near the test area. 


Slurry B45! Water Flowrate 24.5 lb/min 


Test 

Area 

Coating 
Thickness , 
mils 

Amperes 

AT v.t«r' 

F 

Test 

Phase 

Surface 
Temperature , 
F 

Comments 

1 

3.8 

270 

2.7 

A 

3500 

NC 

2 

4.6 

310 

: 

4.0 

■ 

A+ 

: 

3700 

* 

NC 

Measured test area with a • 
steel ruler during testing. 
Hot area in center ~5/32 
inch diameter. There is a 
ring around the most severely 
heated area about 3/l6 wide. 
This ring is about 3/8 inch 
0D. 

3 

5.2 

370 

4.5 

A+ 

4040 

.. 

HS in center was 4200 F. 
Temperature increased while 
test area was being measured 
until the coating melted at 
4540 F. 

Test area diameter was ~5/32 
inch. 

4 

5.2 

310 

- 

A 

- 

Spalled immediately 

5 

l 

t 

5.1 

315 

i 

! 

3.6 1 

1 

1 

t 

A+ 

i 

l 

i 

3725 

NC. 

Test area diameter was 5/32 
to 3/l6 inch. Temperature in 
outer ring was 3450 F. This 
area was selected for examin- 
ation with the electron-beam 
microprobe . 

6 

4.8 

360 

4.6 

A+ 

.4130 

. ! 

* i 

1 

Temperature was 4000 at start 
Test area diameter was 5/32 
inch. Outer ring 0D was 7/l6 
inch and temperature was 3540 
F. 
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ABC -PLASMA JET TEST SPECIMEN NO. 72-6 DATE; 28 October 1968 

Purpose or Special Notes ; Calibration Study. Compare with specimen 48-2 
(see Appendix C). 


Slurry B45 : Water Flowrate 24.5 lb/min 


Test 

Area 

Coating 
Thickness , 
mils 

Amperes 

AT , , 

water 

P ' 

Test 

Phase 

Surface 
Temperature , 
F 

Comments 

1 

4.2 

255 

- 

A 

3465 

NC 



260 

- 

A 

3560 

NC 

2 

4.1, 4.2* 

255 

3* 1 

A 

3650 

Temperature was 3550 F at 
start. 







HPLM: No effects as a result 
of testing were 
observed (Fig. 11a) 

3 

4.0, 4.2* 

280 

3.2 

A 

3730 

NC 







HPLM: Incipient sintering at 
the surface. 

4 

4.0 

280 

- 

A 

3730 

NC 





B 

— 

HS formed after seven TS; 25 
TS were completed. 



297 

- 

A 

3800 

NC 





B 


NC 

i 


320 

- 

A 

3830 

NC 





B 


NC 

5 

4.2, 4.5* 

277 

3.6 

A 

3850 

NC 







HPLM: Grains at the surface 
had sintered; no 
defects. (Fig. lib) 

6 

4.6, 5.0* 

305 

4.3 

. A 

4000 

NC 



330 


A 

' 4060 

HS (4300 F) formed in center: 
coating then fused and the 
temperature increased to 
4430 F. 


1 


; 

1 


HPLM: Grains at the surface 
to a depth of 1 mil 
sintered to a high den- 
sity; affected area 
was l/8 inch wide. 

(Fig. 11c). i 
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ABC-PLASMA JET TEST SPECIMEN NO. 73-3 DATE: 15 November 1968 

Purpose or Special Notes : Calibration Study. Compare with specimen 49-4 
(see Appendix C). 


Slurry B45 : 


Water Flowrate 24.5 lb/min 



Coating 
Thickness , 

mils ' Amperes 


j. Surface 

‘'water’ Test Temperature 
F Phase F 





Spalled immediately. 


Incipient melting 

Spalled after 11 TS. It had 
been cracked before testing. 
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ARC-PLASMA JET TEST SPECIMEN NO. 73-T DATE: 14 November 1968 

Purpose or Special Notes ; The coating was applied on a type 347 stainless- 
steel tube, 0.450 inch OD, 0.012 inch wall thickness. Mostof the coating 
spalled before testing in large axial strips. 


Slurry B45 : Water Flowrate (NE) 


BBS 

Coating 
Thickness , 
mils 

Amperes 

AT , , 

water 

F 

Test 

Phase 

Surface 
Temperature . 
F 

Comments 

1 

5.0 

280 



3410 

NC 

2 

7-7 

285 

2.1 


3450 

NC 

3 

6.3 

305 

2.3 


3700 

NC 







NC 







NC 

4 

8.0 

358 

2.5 

A 

4000 

NC 





B 


Started to melt after 20 TS 
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Figure F-l. Selected Specimens After Testing in the Arc-Plasma Jet. (Magnification 
~Xl-l/2: All specimens are l-l/2 by k-l/2 inches.) 
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Special Notes: No Failure Fused in No Failure 

Center 

Figure F-l. (Continued) 
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APPENDIX G 


THERMAL DIFFUSIVITY MEASUREMENT OF PHOSPHATE-BONDED Zr0 2 

The flash thermal diffusivity technique described by Parker, et al. (j. 
Appl. Fhys, 22, 1679 (1961)) was used except that the pulsed energy was 
supplied by a ruby laser instead of a xenon flash lamp* A 5-mil chromel- 
alumel thermocouple, spring-loaded to the back face of the sample, was 
used to measure the sample temperature* Corrections for heat losses due 
to radiation were applied to measurements taken above 500 C using the 
method of R. D* Cowan (J* Appl. Hays* 3^, 926 (1963)) , and measurements 
were made in a stainless-steel tube furnace* 

The sample was supplied by Rocketdyne, in the appropriate shape (a 1/4- 
inch-diameter wafer) and thickness (0.0420 inch), and with the required 
metallized coatings. The wafer was made from an overly thick disc by 
polishing it to the correct thickness after the material was cured. A 
thick slurry (lO.O grams of ZrO^, 1. 05 grams of Binder Solution #4, and 
no water) was manually forced into a l/4-inch diameter by l/8-inch deep 
hole drilled in Teflon stock. The rod was removed after the initial 
set, and a slow drying and curing schedule was used to avoid cracking: 

1 day at room temperature, 2 hours at 100 F, 2 hours at 180 F, 2 hours 
at 212 F, and finally 1 hour at 600 F. The specimen was then outgassed 
at 25OO F for l/2 hour at about 10 ^ torr. The front face of the sample 
was coated with a thin layer of platinum and the back face was coated 
with a thin layer of chromium. Metallic coatings were applied by vapor 
deposition in a vacuum. The thickness included the metallic coatings, 
which were <1 percent of the total thickness. The platinum effectively 
absorbs the laser energy at the front face, and the chromium acts as an 
electrical conductor between the two legs of the thermocouple. Density 
of the sample was 4.4 g/cnf . 

Accuracy of the measurements was checked by measuring the thermal dif- 
fusivity of an Armeo iron sample at room temperature. The values obtained 
agreed within 1 percent of the best literature values for this material. 



The accuracy of the values reported for materials less pure than Armco 
iron, such as the phosphate-bonded zirconia, would normally he +5 percent. 
For reasons stated below, however, the uncertainty of the data, as applied 
to this particular phosphate-bonded zirconia sample, are believed to be 
+30 percent. The main source of uncertainty in the measured values is 
due to inhomogeneity of the sample. Pores and cracks were readily visible 

t 

on the surfaces with the unaided eye. The extent of the effects of pores 
and cracks within the sample is not known. Nonuniformity among samples 
could increase the uncertainty to +40 to 50 percent for the material. 

The data are tabulated in Table G-l and shown in Fig. G-l. Because of 
the high porosity plus the very low thermal diffusivity of the material, 
gas entrapped within the sample contributed significantly to the total 
diffusivity of the sample. The gas (air) pressures are tabulated to show 
the extent of the effect. Data were not reproducible until the sample 
was outgassed thoroughly. Measurements obtained after outgassing the 
sample, were found to be in good agreement. Difference in the values 
measuired on 10/23 and 10/25 may be due to nonuniform porosity and com- 
position and errors in dimensional measurements. The best data are 
considered to be the average of the 10/23 and 10/25 data. 

The sample dropped off the holder on two occasions, both at slightly 
above 500 C. This may have been due to the thermal expansion differential 
between the sample and the stainless- steel sample holder. 

The above thermal diffusivity data are recorded in AI Laboratory 
Notebook B3 12751. 

Thermal conductivity for the phosphate-bonded ZrOg can be calculated 
from the relationship 

K = otPC 

where 

K = thermal conductivity 
Ct = thermal diffusivity 
C = specific heat 
p = density 

G-2 



TABLE G-4 


THERMAL DIEFUSIVITY DATA OF PHOSPHATE-BOKDED ZIRCON1A 



Pressure 
(* 106 ), 
torr 

Thermal 

Diffusivity 

cm2/sec 

(l atm) 

0.0072 

(l atm) 

0.0071 

80 

0.0056 

80 

0.0051 

80 

0.0053 

100 

0.0039 

100 

0.0035 

1Q0 

O.OO 39 

2 

0.0030 

2 

0.0033 

600 

0.0069 

80 

0.0068 

60 | 

0 „ 0044 

55 

0.0045 

— 

0.0043 

50 

0.0039 

— 

0.0041 

2 

0.0033 

2 

O.OO 32 

2 

0.0027 

2.5 

0.0028 

5-5 

0.0025 

5 

0.0022 

8.5 

0.0020 

8 

0.0019 

1.5 

0.0038 

1.5 

0.0037 

10 

0.0024 

10 

0.0023 

15 

0.0022 

15 

0.0022 

45 

0.0018 

40 

0.0022 

100 

0.0024 

100 

0.0022 

200 

0.0022 

200 

0.0017 


J 


^Location of thermocouple on sample changed. 
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Thermal conductivity at 1800 F, for example, is 8.4 x 10 ^ Btu/in.-sec F 

using the values ot = 0.002 cm^/sec (Fig. G-l) , C = 0.17 cal/g C (Bef. l), 

p = 4.4 g/cmr and a conversion factor of 5.6 x 10 (Ref. 2). These 

data are for vacuum , hut the thermal conductivity data can he modified 

to account for air at 1 atmosphere in the pores by adding a value of 

approximately 0.8 Btu/in.-sec-F (Ref. 3). This factor varies slightly 

depending on pore size and temperature. The 0.8 Btu/in.-sec-F value is 

for about a 1-mil pore size which is representative of the phosphate- 

bonded ZrO^ material. The conductivity of air in a 1-mil pore increases 

as a function of temperature to about 1800 F and then decreases rapidly 

after about 2400 F. Thermal conductivity of the specimen in 1 atmosphere 

of air then would be (8.4 + 0.8) x 10 or 9.2 x 10 Btu/in.-sec-F. This 

compares very closely with the value reported in the literature (Ref. 4) : 

Thermal conductivity for ZrO at 1800 F with a porosity of 28 percent is 
—6 2 

10 x 10 Btu/in.-sec-F. Thus, according to the results of the flash 
diffusivity measurements, the thermal conductivity of phosphate-bonded 
ZrOg (formulation B45) is about the same as that of pure ZrO^ . 
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